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1.1 Crystal Growth from Solution
The most perfect of all crystals appearing in nature are minerals.
Often they are growing deep in the earth under extreme temperature and
pressure conditions and can appear in a variety of shapes and colors. The
main application of crystals until the 19th century was in jewelry. Precious
and semi-precious stones have been cut and polished for ages in order to
obtain beautiful faceted gems (figure 1.1). Besides the breathtaking beauty,
also magical and healing powers have been accredited to crystals. The belief
in special virtues of gemstones exists even in modern times.
Nowadays crystals can be grown in many shapes and sizes from
different growth media and applying different growth techniques. They are
used in great variety of applications1. Crystallization of commonplace
products such as salt and sugar, crystallization of catalysts, inorganic and
organic pigment dyes, luminescent powders and for magnetic media are just
some of the examples. Growth of large, defect free, single crystals such as
silicon is essential for information technology. These big silicon crystals are
cut into silicon wafers from which computer chips are made. Moreover, the
crystallization and crystal growth are important for the purification,
separation and definition of solids. There is, however, a constant drive for
growth processes in the industry to be improved.
Another important property of crystals is their specific
crystallographic structure. The structure determines the special physical and
chemical properties. For instance, the taste and color of chocolate are
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FIG. 1.1 Diamonds cut and polished in different shapes
determined by the different structure of the fat compounds. Many substances
can crystallize in more than one crystallographic structure. This
phenomenon is called polymorphism. The probably best-known polymorphs
are graphite and diamond, both containing only carbon but packed in two
different structures. Nowadays, the control of polymorphism is particularly
important in the pharmaceutical industry, where the active ingredient of a
medicine is present as small crystals of a specific polymorph.  A different
polymorph can have completely different properties, for instance a different
dissolution rate in the blood. This will influence the effect of the medicine
and if a wrong polymorph is produced, the consequences can be fatal.
Understanding the properties of the specific crystals begin with the
crystal structure. Knowing the crystal structure enables us to influence and
control the crystal growth process. The crystal structure can be investigated
at different length scales: from macroscopic to atomic. If we observe one
single crystal then the most prominent features are its facets and the distinct
angles between these facets (see figure 1.2). The flat facets are found to be
Chapter 1
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FIG. 1.2 A naturally grown quartz crystal  (source:www.mineral.org) that shows distinct
crystal facets and distinct angles between faces.
an intrinsic property of crystals.  The origin of this was established in 1912
when for the first time an atomic crystal structure was determined using X-
ray diffraction. These experiments proved that a crystal consists of a regular
arrangement of atoms, molecules or ions in three dimensions. If this three-
dimensional order extends to the full macroscopic level of the material then
we talk about a single crystal. The ordered structure at the atomic level thus
determines the macroscopic crystal shape.
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In the 1950’s Hartman and Perdok developed a theory that predicts
the growth morphology of a crystal starting from the bulk crystallographic
structure. This theory calculates which facets in a crystal will be the most
stable ones2,3 and thus determine the crystal shape. The theory,
unfortunately, neglects the deviation of the atomic structure at the surface
due to its truncation. This can result in different surface terminations,
relaxation of the outermost layers or even surface reconstruction.  Such
changes of the atom positions at the interface can change the free energy of
the surface and its stability.
The growth shape of a crystal generally differs from the equilibrium
shape4, because kinetics plays an important role during the growth. In the
equilibrium form only the most stable faces will be present. These faces are
the so-called F (flat) faces2 with a positive step energy and relatively low
surface free energy. The roughening temperature of such faces is above zero
Kelvin. Below the roughening temperature the crystal faces are flat on a
molecular and macroscopic scale; above  this critical temperture they are
rough and tend to  be rounded. The roughening temperature is dependent on
the crystal structure, the chosen crystal face and the effective bond strenght.
The roughening temperatures can be  calculated and/or determined
exprimentally.
The growth morphology of a crystal, however, is not only determined
by the crystallographic structure. Crystal growth is a complex process, thus
the influence of impurities, and the effect of solvents and supersaturation
should not be neglected. Due to the influence of impurities the crystal can
appear in a variety of different morphologies. There is a lot of empirical
Chapter 1
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knowledge5 describing the influence on the final morphology. Already in
1783 Rome de l’Isle6 found that rock salt grows in an octahedral
morphology instead of a cubic shape if urea is added to the growth solution.
Impurity molecules may incorporate at the step edges, slowing down or even
completely blocking the growth of particular face. The exact mechanism,
however, is often not known.
If crystals are grown from solution, also the structure of the solid-
liquid interface will influence the growth process. In contrast to the long-
range ordered atoms in the crystal, molecules in the liquid are randomly
positioned. However, a liquid in contact with the well-ordered crystal
surface will ‘feel’ the periodic ordering of the crystal and can adapt some of
this ordering. The ordering is predicted to be stronger in the perpendicular
(layering) than in the lateral direction. In some cases the interaction of the
liquid with the crystal surface can be so strong that the liquid show lateral
(‘solid like’) ordering as well7. The ordering of the liquid is strongest near
the surface and vanishes towards the bulk liquid. This ordered liquid has a
great influence, particularly on the incorporation of the growth units at step
edges and the mobility at the interface.
As we described above, crystal growth from a solution is a complex
process including a number of phenomena occurring at the interface.
Different techniques can be used for the investigation of crystal growth on
different length scales. For a full understanding of crystal growth, a
microscopic technique is an absolute necessity, because the local structure
on a crystal surface (steps, impurities) is one of the determining factors in
growth. Interfaces between a solid and liquid are much less studied than
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surfaces in vacuum due to lack of suitable techniques. Most surface science
techniques need an Ultra-High Vacuum (UHV) environment and cannot be
applied to the study of surfaces in a fluid. Scanning-probe microscopy
techniques, such as scanning-tunneling microscopy (STM) and atomic force
microscopy (AFM), are very suitable for non-vacuum applications. One of
the limitation factors of STM is that sample must be conductive. Since many
crystals are non-conducting, AFM is in practice the most common technique
for studies of solution growth8, 9, 10. Surface X-ray diffraction (SXRD) is one
of the few techniques that can be applied for the atomic structure
determination in a non-vacuum environment. Due to the large penetration
depth of X-rays, SXRD is a very suitable tool for the investigation of buried
surfaces and solid-liquid interfaces. Being a diffraction technique, SXRD
provides an averaged picture of a growth system, but at a higher resolution
than AFM. These two techniques are thus complementary and form an ideal
combination. In this thesis experimental work is done using optical
microscopy, AFM and SXRD. The basics of SXRD are described in more
detail in the next section.
1.2 Surface X-ray diffraction
If an object with a periodic structure is illuminated by light with a
wavelength that is comparable with the periodic distances in this object, then
diffraction will occur. If we place a screen after the object, diffraction spots
on the screen can be observed (figure 1.3a). In case of X-ray diffraction,
Chapter 1
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XX-ray sensitive screen
with diffraction rods
FIG. 1.3 A schematic of the diffraction process: a) because the periodical distances
between the handkerchief treads are comparable to the wavelength of the laser light, than
diffraction will occur, appearing as spots, on the screen positioned after the  diffraction
object.   b) X-rays have a wave length of 1-2Å and they will diffract from single crystals
where the periodic distances between atoms (molecules of ions) are also in this range.
The diffraction signal will give a rise to the intensity in the spots on the screen positioned
after the crystal. Each spot on the screen is associated with three diffraction indices (h, k,
l) The structure can be derived from the intensity in the spots; c) diffraction from surface
will give a rise of intensity in the Bragg spots (originating from bulk), that will be
connected with tails of diffuse scattering originated from surface. These features are
called Crystal Truncation Rods (CTR’s). The intensity along a CTR is determined by the
surface structure.
Laser
‘Real space’
‘Reciprocal space’
X- ray
sensitive
screen
X-ray source
a)
(h,k) = (0,0) rod
Crystal surface
Screen
Handkerchief
Crystal
X-rays
b)
c)
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these spots are called Bragg reflections. By convention each Bragg reflection
gets a label with three integer indices (h, k, l) from which the real space
structure can be derived (figure 1.3b). When diffraction originates from a
crystal with an atomically flat surface, a combination of the diffraction spots
from a bulk crystal with diffraction rods originating from the surface will be
observed (figure 1.3c). These features are called crystal truncation rods
(CTR’s)11. The rod shape of the signal is a consequence of the absence of
translation symmetry in the z direction, due to the truncation of the surface.
The exact shape of a CTR is determined by the interface atomic structure.
The interesting information about the structure of the surface can be found in
between the Bragg peaks, where the diffracted intensity is mainly influenced
by the surface structure. The central rod corresponds to specular reflectivity
and is labeled the (h,k) = (0,0) rod. This rod is special in the structure
determination of solid- liquid interfaces, because the total thickness of the
liquid can be derived from it. The amount of liquid ordering at the interface
is detected by measuring various rods with different momentum transfers. A
bulk liquid gives rise to diffuse scattering concentrated in a sphere in
reciprocal space, where the radius of the sphere is determined by the average
distance between the atoms in the liquid (see fig. 1.4a). If a liquid monolayer
is completely disordered parallel to the surface, it does not contribute to rods
with an in-plane momentum transfer, but only to the specular rod (figure
1.4b). This rod ignores in-plane ordering and is only sensitive to the electron
density perpendicular to the surface. If a completely ordered (i.e, solid) layer
is present at the interface then it will contribute to all rods. A partly ordered
liquid at the interface will contribute to the diffraction signal from the
Chapter 1
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FIG. 1.4  Diffraction signal from a liquid present at an interface. a) the signal  from a
bulk liquid present at the interface will be concentrated  in a sphere; b) the signal from a
2D disordered layer parallel to the surface will  be visible only in specular rod; c) a
completely ordered 2D liquid layer will contribute to the diffraction signal in all rods; d)
a partially ordered liquid will contribute to the diffraction signal with the magnitude
which depends on the ordering, the most sensitive will be the rods with smallest
momentum transfer.
a) Bulk liquid
Partially ordered
liquid layer
d)
2D ordered
liquid layer
c)
2D liquid layerb)
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substrate with a magnitude that depends on the ordering. The highest
contribution goes to the CTR with the smallest in-plane momentum transfer
(figure 1.4d).
The diffracted intensity from a surface is approximately a million
times less than from a typical bulk crystal. The main reason why X-rays
were not used for surface structure determination before the 1980’s was the
lack of sufficiently intense X-ray sources. The latest synchrotron radiation
sources are of the so-called third generation and provide the fluxes of
approximately 1011-1012 photons/mm2sec of hard X-rays (measured on the
sample and dependent on the beamline). The energy of the X-rays can be
tuned relatively easily. Figure 1.5 (left) shows the European Synchrotron
Radiation Facility (ESRF) in Grenoble, France, where all SXRD
experiments in this thesis were performed. Owning to the absence of
multiple scattering one of the major advantages of X-ray diffraction is a
straightforward interpretation of the intensity. The signal from the surface is
weak and it is important to minimize the background scattering from the
bulk crystal and the liquid present at the surfaces. Diffraction experiments
are typically performed at small incoming or outgoing angle because the
penetration depth is then reduced. An experimental set-up consists of an
environmental chambre that is coupled to a diffractometer12. This is a sample
manipulator that allows both accurate positioning and scanning of sample
and detector. A so called (2+3) diffractometer is shown in figure 1.5(right).
The integrated intensities of a particular reflection (h, k, l) are measured by
rotating the crystal about the surface normal and measuring the number of
Chapter 1
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FIG. 1.5  Photograph of a European Synchrotron Radiation Facility (ESRF) in Grenoble,
France(left;) The (2+3) diffractometer operational at the DUBBLE beam line at ESRF
(right).
diffracted photons. These intensities can be converted into the structure
factors by applying a series of geometrical and instrumental13 correction
factors. For conversion from measured data to the atomic coordinates three
different computer programs are used: ANA, AVE and ROD14. The program
ANA is used for integration and correction factors, AVE for averaging and
symmetry operations and ROD14 for the final structure determination.
1.3 Investigated systems
The systems investigated in this thesis were all ionic crystals, grown
from aqueous solutions. Theoretical calculations predicting the growth
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morphology and the surface termination of such a crystals are difficult to
perform due to long-range interactions between ions.
In the first two chapters equilibrium morphologies, roughening
transitions and the influence of impurities on the growth morphology of
cesium halides are studied. Experimental evidence for the thermal
roughening transition and the Kosterlitz-Thouless (KT)15 nature of this
transition has been observed for example on helium crystals16, 17 and
Ag(115) in vacuum18.  The  roughening transition of some molecular
crystals19, 20, on the other hand, is found to be first order instead of KT type.
In chapter two the equilibrium morphologies of cesium halides ( CsCl, CsBr,
CsI) are studied in the range of temperatures from 275 to 344K, and the
results are used to examine the occurence of the thermal roughenig transition
for these ionic crystals. It is found that the roughening transition for cesium
bromide takes place within 2K, suggesting that this transition is not of KT
type.
The influence of impurities on the growth morphology is studied in
chapter three, where CsCl, CsBr and CsI are grown in a cubic morphology
from a formamide solution. Theoretically the (100) face of cesium halides is
not the stable face and thus it should not be present in the growth
morphology. Formamide, which is a highly polar molecule, thus interacts
with the (100) surface such that its stability is increased.
The details of the surface structure of three different systems, brushite
CaHPO4*2(H2O), sodium chloride and ADP (NH4H2PO4) were investigated
by the use of Surface X-ray diffraction. This is described in the last three
chapters of this thesis. The surface structure of ADP is investigated in situ,
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but only details of the solid part of the interface are presented, while for the
other two systems structural information is obtained from both sides of the
solid-liquid interface. For all systems investigated we have determined the
surface termination and details of the surface structure. The atomic positions
at the surface in each system investigated show deviations from the bulk
crystallographic structure.
In the chapter four we have determined the surface structure of {101}
face of ADP. This face can in principle terminate by an ammonium or a
phosphate layer and it is not possible to predict from standard Hartman-
Perdok theory which termination will occur in reality. We found that the
ADP {101} surface terminates with a positive ammonium layer followed by
layer of phosphate ions. These first two layers show a strong relaxation from
the bulk positions leading to a layer compression of 50% compared to bulk
distances. In the case of the ADP the driving force for the inward relaxation
of the top layer is likely the structure stabilization by the formation of an
extra hydrogen bond, which was broken due to the truncation of the surface.
Ordering of the water at the brushite/water interface is studied in
chapter five and it is compared with recent results on KDP7. Water in
contact with the positively charged KDP surface shows icelike ordering in
the first two water layers and weak but clear in-plane ordering in the third
water layer. Brushite contains ordered water in its crystal structure and we
expected to find stronger ordering at this interface. We found, however, that
the most prominent {010} face terminates with a single ordered water bi-
layer, but that the liquid part of the interface exhibits less ordering. We
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propose that the difference in the water ordering is correlated with the large
difference in solubility.
The last system investigated in this thesis is the interface of rock salt
with water. NaCl shows a different surface relaxation when going from
vacuum and dry nitrogen atmosphere to 45% and 85% relative humidity.
The liquid part of the interface shows different ordering properties with
increasing relative humidity.  Due to the high solubility of NaCl, significant
ordering is expected and that is indeed found. The surprising result is that
the lateral ordering in the first water layer at the interface increases with the
increase of the water film thickness.
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Chapter 2
Equilibrium Morphologies and Thermal
Roughening of Cesium Halides
J. Arsić, I.C. Reynhout, W.J.P van Enckevort and E. Vlieg
Abstract
Equilibrium morphologies of three types of cesium halide crystals in saturated
aqueous solution droplets are observed for temperatures ranging from 275-344K. For all
temperatures, cesium iodide crystallites are bounded by planar {110} facets, which
indicates that these faces are below the roughening temperature. On the other hand,
cesium chloride surfaces are thermally roughened in this temperature regime, as follows
from their rounded morphology. For cesium bromide a roughening transition is observed
at a temperature of 278±1K.  This value of the roughening temperature allows us to
estimate the effective bond energy at the surface of this ionic compound. The abruptness
of the transition, which takes place within 2K, suggests that probably it is not of the
Kosterlitz-Thouless type.
Chapter 2
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2.1 Introduction
The equilibrium form of crystals is thermodynamically described by
the Gibbs condition that ΣσiAi is a minimum, where σi is specific surface
free energy of the i’th face and Ai its area. If the quantities σi are known, the
equilibrium forms can be derived by means of the Wulff construction1. The
faces of the crystal derived from the Wulff construction are in most cases so-
called F (flat) faces2, with a positive step energy and relatively low surface
free energy. The roughening temperature of such faces is above zero Kelvin.
The phenomenon of thermal roughening of F faces has a firm
thermodynamical basis. The concept has first been introduced in the
classical paper of Burton, Cabrera and Frank 3. They mapped a growth layer
at the crystal surface on the 2D Ising model, which was shown to have an
order-disorder phase transition by Onsager4. Monte Carlo simulations by
Gilmer and Bennema5 on the Kossel SOS model showed a change from
exponential to linear growth kinetics for increasing temperature and
decreasing bond strength, marking a phase transition. Nowadays it is well
established that the roughening phase transition occurs at a critical
temperature3, 5-11, defined as the temperature at which the edge free energy
becomes zero9,10. Below the roughening temperature crystal faces are planar
on a molecular and macroscopic scale and above  this critical temperture
they are rough and tend to  be rounded. The (normalized) roughening
temperature, 
RkT
ϕ , is dependent on the crystal structure , the chosen crystal
face and effective bond strengh . The effective bond energy here is defined
Equilibrium morphologies and Thermal Roughening of Cesium Halides
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as φ=φsf – ½(φss+ φff) where φss, φff and φsf  represent the solid, fluid and the
solid –fluid interaction at the interface, respectively.
Experimental evidence for the thermal roughening transition and the
Kosterlitz- Thouless (KT type)12 nature of this transition has for example
been obtained in studies on helium crystals13,14 and Ag (115) in vacuum15.
The roughening transition of some molecular crystals16,17 on the other hand
was found to be first order instead of the KT type, depending on the solvent
used.
In this paper we report observed equilibrium morphologies of cesium
halides (CsCl, CsBr, CsI) in saturated aqueous solutions at temperatures
ranging from 275-344K. These results are used to examine the occurrence of
a thermal roughening transition for these ionic crystals. To our knowledge
the roughening transition of ionic crystals has not been studied yet, neither
by experiment nor by theory.
Cesium halides are ionic compounds, which generally crystallize in
the stable primitive cubic structure. A first bond order connected net analysis
for the cesium halide structure results in five different connected nets18. Two
each for the {100} and {111} faces and one for the {110} faces. The two
connected nets parallel to the {100} and {111} are differing in the surface
termination (Cs or halide ions on the top), but both result in polar surfaces
and are connected by the center of symmetry. Creating the d100 and d111 steps
on {100} and {111} faces does not cost any extra energy in the terms of
broken bonds19. Therefore in this oversimplified model these faces are
rough, already at zero Kelvin, and are expected not to be present in the
growth or equilibrium morphology. The connected net parallel to the {110}
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direction has a positive step free energy and thus a roughening temperature
above zero Kelvin. Therefore, the predicted shape of cesium halide crystals
is dodecahedral, bounded by stable {110} faces.
2. 2 Experimental
2.2.1 In-situ observation of equilibrium forms
To acquire real equilibrium shapes of crystals within reasonably time
scales, small crystals of highly soluble compounds contained in a small
growth volume are required20. Cesium halides have a good solubility in
water and it is relatively easy to grow small crystals, 10-100µm in diameter.
To obtain the required small growth volume of up to 200µm in diameter, a
spraying technique is developed to produce small solution droplets on a
silicon substrate. After spraying, the surface is covered by a liquid paraffin
layer to prevent solvent evaporation.
The substrates are prepared by gluing 0.5mm thick sheets of silicon
rubber onto a microscope object glass. To obtain a small container for the
liquid paraffin, we pasted an additional small rubber ring, 1mm thickness
and 1.75 cm diameter onto the silicon rubber substrate.
Saturated solutions are prepared by adding approximately 3 ml of
deionised water to pure (pro analysis) powders of cesium halide.  After at
least half an hour of stirring, the obtained saturated solutions are filtrated. To
facilitate handling of the liquid, a few drops of water are added to make the
solutions slightly undersaturated. These fresh solutions are transferred into
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small, dark glass bottles, fitted with a sprayer head. The solutions of
different cesium halides are applied onto the silicon rubber substrates by
spraying approximately 50 little droplets onto it. Structural changes in the
droplets are monitored in-situ by optical microscopy and at the moment
when the first CsX dendrites appear, the droplets are covered with a thin
layer of paraffin oil, to prevent further solvent evaporation. The droplets
covered in this way are observed by optical reflection microscopy and the
images are recorded using a CCD camera. After two days, (close-to)
equilibrium forms of the cesium halides are obtained at room temperature,
because no further changes in the crystal shape are observed.
We have also performed a number of experiments to observe the
equilibrium form of cesium halides at different temperatures, to examine a
possible roughening transition. The only difference with the room
temperature measurements was the use of a smaller glass substrate, which
was placed in a thermostated cell for in-situ microscopy.  These experiments
were done in the temperature range between 275K and 344K.
2.2. 2 Solubility of CsBr in water
For the interpretation of the observed roughening temperatures of
cesium halides in aqueous solution, solubility curves are necessary. The
solubility curves of cesium chloride and cesium iodide have been reported in
literature21, but not the one of cesium bromide. We carried out the solubility
measurements of cesium bromide in water at three different temperatures:
278K, 294K and 314K.  To ensure real saturation of the solutions at these
Chapter 2
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       FIG. 2.1  Solubility curve of cesium bromide.
temperatures, saturated solutions with some crystallites still present were
prepared at slightly higher temperatures, which then were cooled down until
the desired temperature was reached. After keeping the solutions for a period
of 30 minutes at this temperature they were filtered and exactly 1ml of
saturated solution was transferred into a small test tube of known weight
using a pipette. To avoid precipitation of dissolved cesium bromide during
transfer the solution was heated with respect to the saturation temperature.
After filling, the water was allowed to evaporate. When the solvent was
completely evaporated, the tubes were weighted again in order to determine
the remaining amount of cesium bromide.
The solubility curve of cesium bromide, deduced from three
measurements is shown in figure 2.1. Fitting this curve gives the
relationship:
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where c is the solubility in mg per ml solution.
From thermodynamics it is well known that the solubility curve of a solute-
solvent system can be approximated by
,)(ln
R
dissS
RT
dissHTc
∆
+
∆
−=                                                           (2)
In this equation ∆Hdiss is the heat of dissolution, ∆Sdiss the entropy of
dissolution and R the gas constant. From (1) and (2) the heat of dissolution
of CsBr in water is determined to be 8.0 ± 1.5kJ/mol. This value and those
for CsCl and CsI obtained from literature21 are used below to estimate the
effective bond energies kT
ϕ  ( see table 1).
Compound ∆Hdiss[kJ/mol] kT
ϕ
κ
1
rough↔flat
Roughening
temperature
CsCl 4.3 0.12 rough
151K
(calculated)
CsBr 8.0 0.22
roughening
transition at
T=278±1K
278±1K
CsI 15.3 0.42 flat
529K
(calculated)
TABLE 1 Summarized results for all three halides, with calculated heats of dissolution,
effective bond strengths, calculated roughening temperatures  and observed surface habit.
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2.3 Results
2.3.1. Transformation to equilibrium shape
Cesium halides dissolve extremely well in water. Due to their high
solubility, the surface energy of these crystals is low and thus they grow fast
from aqueous solutions22. As a consequence, mass transport during growth
limits the supply of the solute and dendrites will appear. After complete
crystallization the dendrites tend to transform into equilibrium forms in
order to minimize the surface free energy1.
The first cesium halide dendrites appear within 5 min after the
droplets are applied onto the silicon rubber substrate. After coverage by the
paraffin layer, which prevents further solvent evaporation, the cesium halide
dendrites transform into their equilibrium form. This process is shown in
figure 2.2 for CsCl. In figure 2.2a, the initial dendrites are starting to
recrystallize and the numerous dendrite side branches are separated from the
main stems 23. The branches with the smallest dimensions disappear first,
due to Ostwald ripening. Finally, the surviving larger crystals that are
elongated become isometric and show a rounded morphology as depicted in
figure 2.2g. After two days no additional change in shape is recorded.
2.3.2 Equilibrium shapes of CsX at room temperature
Equilibrium shapes of the three cesium halides at room temperature
are depicted in figures 2.3-2.5. Figure 2.3 illustrates the equilibrium forms
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FIG. 2.2 Transformation process of CsCl  from dendrite into equilibrium form: a) 0 min.,
b) 10 min, c) 20 min, d) 30 min, e) 40 min, f) 60 min, g) two days.
obtained for cesium chloride. As can be seen, the cesium chloride crystallites
are rounded, clearly indicating that this system is far above the roughening
temperature. If the volume of the droplet was too small compared to crystal
size, the space for particle transport was limited and more than two days
were required to transform the dendrites into the real equilibrium shape.
If cesium bromide is crystallized from aqueous solution, the
equilibrium form obtained is a rounded dodecahedron as shown in figure
2.4. The faces of the dodecahedral form can just be recognized for most of
the crystals. The slight rounding of the crystals indicates that the system is
above, but close to the roughening temperature. In very small volumes more
a) b)
e)d) f)
c)
g)
60µm
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FIG. 2.3  Cesium chloride crystals with rounded shape obtained after two days at room
temperature.
rounded crystals occur (figure 2.4 right) because of the mass transport
limitation.
Finally, cesium iodide yields a strongly faceted dodecahedral
equilibrium shape at room temperature as depicted in figure 2.5. All
dodecahedrons are clearly faceted and bounded only by {110} faces as
predicted from the connected net analysis. Therefore, we conclude that these
cesium iodide crystals are well below the roughening temperature.
2.3.3 Roughening transition of CsBr
As shown in figure 2.4 the cesium bromide dodecahedrons are
rounded at room temperature. This indicates that the crystals were
equilibrated slightly above the roughening temperature. Therefore, in order
to detect a roughening transition, equilibrium forms were determined at
40µm  60µm
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FIG. 2.4 Rounded cesium bromide crystals approaching a dodecahedral form at room
temperature (left); In very small volumes the crystals tend to be more rounded (right).
280K, 279K and 276K. As can be seen in figure 2.6a, at 280K the crystals
are still above the roughening temperature, showing slight initiation of
“faceting” as compared to room temperature. At 279K, partly faceted
dodecahedrons are obtained (see figure 2.6b). Some larger crystals were
slightly rounded because more time was needed to reach the final
equilibrium shape. Finally, experiments carried out at 276K  (see figure
2.6c) resulted in the development of strongly faceted dodecahedrons, similar
to those observed when using cesium iodide. Here equilibration takes place
below the roughening temperature. Therefore, the determined roughening
temperature is 278±1 K. It is interesting that the change from rounded to
faceted morphology takes place within a small temperature interval of only
about 2K.
20µm
20µm
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FIG. 2.5  Strongly faceted dodecahedrons of cesium iodide equilibrated at room
temperature.
Roughening temperatures for the two other cesium halides were not
obtained. As depicted in figure 2.7, cesium chloride crystals equilibrated at
275K were still not faceted as follows from their rounded habit. Therefore,
to observe a possible roughening    transition for cesium chloride, the
experiments must be carried out around 155K as will be pointed out in the
discussion part.
Cesium iodide crystals were strongly faceted at elevated temperatures
up to 344K (see figure 2.8). Due to the increased diffusivity of the salt ions
in the liquid, at this temperature the equilibrium was reached much faster.
CsI decomposes at temperatures higher than 344K, so the equilibrium
morphology at higher temperatures could not be investigated.
 60µm
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FIG. 2.6 Cesium bromide equilibrium shapes at three different temperatures: a) 280K, b)
279K, c) 276K.
2.4. Discussion
In order to interpret the observed roughening transition, we have to
relay on simplified models, because no sophisticated models or computer
simulations are available. Taking only first neighbour interactions into
account and considering them all indentical, the {110} faces of primitive
cubic cell cesium halides are indentical to bcc{110}. If we use this
assumption, then the {110} face of CsX can be approximated by a two-
dimensional, 45 degrees rotated, Kossel crystal. Onsager derived the
transition temperature for this two-dimensional crystal to be ( kT
ϕ )C=0.78,
using an exact analytical model3, 4. We will use the comparison to a 2D
Kossel crystal to correlate the observed roughening transition with the
effective bond energies derived from solubility data.
a) b)20µm20µm c)20µm
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FIG. 2.7  Equilibrium morphology of cesium chloride at 275K.
A way to estimate the effective bond strength kT
ϕ  of the ions is to
derive it from the heat of dissolution ∆Hdiss per mole CsX, which is obtained
from the solubility curves of the cesium halides. Doing this, one uses the
relation24:
avN
kTdissH
kT 8
/2
1 ∆
=
κϕ
,                                                                   (3)
with 1/2 ∆Hdiss the heat of dissolution per ion, 8 the number of bonds per ion
and Nav Avogadro’s number. In this equation κ* is a measure for the solvent-
solute interaction. If κ =1, the interaction between the solvent and solute
molecules is identical to that between the solvent and the solid molecules at
the crystal surface. This is the condition for “equivalent wetting”24. The
heats of dissolution and the values of kT
ϕ
κ
1  are summarized in table 1 for
the three cesium halides. Assuming that κ does not vary much between the
                                                          
* In this paper we use the more convenient symbol κ instead of Cl* which is introduced in
reference24.
60µm
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FIG. 2.8  Dodecahedral equilibrium morphologies of cesium iodide at 344K (left); in
some cases, apart from {110}, also {100} faces can be seen (right).
different halides (all have the same primitive cubic structure) it is clear that
upon going from CsCl to CsI, ∆Hdiss, and thus kT
ϕ  increases. This agrees
with the increase of the observed roughening temperature of the three
compounds. For CsBr the roughening temperature is determined to be 278±1
K, or kT
ϕ
κ
1  = 0.22. From the observed roughening temperature for the
CsBr and using the known heats of dissolution expected roughening
temperatures for the two other halides are calculated (table 1). The values
are consistent with our observations.
From comparing the measured roughening temperature of CsBr, with
the estimated theoretical value of 87.0)( =ckT
ϕ , one obtains κ =3.5. This
indicates the case of “less than equivalent wetting”, where the solvent units
are preferably adsorbed on the crystal surface leading to a decrease in
20µm20µm
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solubility of CsX in the first few liquid molecular layers on the top of the
crystal surface. The roughening transition for CsBr appears to be quite sharp.
Within about 2K the transformation from rounded to faceted morphology is
complete as shown in figure 2.6. This indicates that {110}CsBr surface
roughening is much more abrupt and thus of lower order than the KT type of
transitions.
It is interesting to compare our results with the change in surface curvature
of a Kossel crystal near its roughening temperature. The curvature of the
equilibrium surface of this crystal as a function of kT
ϕ , has been
determined by Van Veenendaal et.al., using Monte Carlo simulations25. In
their work the so-called roughening parameter, ε, which is related to the
relative surface curvature by ε = rrel-1/2, was measured as a function of kT
ϕ
for values near the roughening transition 87.0=kT
ϕ . From their definition
of ε and its change with kT
ϕ   the relative  change in radius of curvature is
derived as:
).(1
21
kTd
d
T
kTdT
reldr
relr
ϕ
εϕ
ε
−
−
=
                                                    (4)
Using the value 0.378.0/)/
( −=
=kTkTd
d
ϕϕ
ε
    obtained by Van Veenendaal
et al., for the Kossel crystal this gives:
.056.0
278,78.0
)(
1
=
== KT
kT
dT
reldr
relr
ϕ
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The above implies that for the ideal Kossel crystal with a Kosterlitz-
Thouless type of roughening transition, the relative change in surface
curvature within 2K is only 11 %. This is at least one order of magnitude
less than the change observed on {110}CsBr25. This indicates that very
probably CsBr surface roughening is not of KT type#. Moreover, lowering
kT
ϕ  did not result in gradually shrinking planar {110} faces, as was
predicted by Holzer and Worris for the Kossel crystal26. Abrupt roughening
transitions, leading to sudden changes from facetted to curved crystals, have
also been reported for some paraffin crystals growing from solution 20.
2.5. Conclusion
Equilibrium forms of the three cesium halides CsCl, CsBr and CsI, in
aqueous solution, are obtained at temperatures ranging from 275-344K.
Connected net analysis predicts that below the roughening transition the
equilibrium form of the three halides is dodecahedral.
 The cesium chloride crystals show rounded facets for all temperatures,
which indicates that the roughening temperature is less than 275K. Also for
cesium iodide no roughening was observed. At all equilibrium conditions the
dodecahedrally shaped crystals showed planar {110}faces, which indicates a
roughening transition above 344K.
                                                          
# One can not completely exclude the occurrence of a KT type transition, because in this
model the step free    energy changes as γstep~exp[-α(1-T/Tr)-1/2 27, in which α is a non-
universal constant. If α is exceptionally small, then quite a sharp KT transition may
occur.
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For cesium bromide, a roughening transition was observed at a
temperature of 278±1K. Comparing the critical effective bond energy
derived from the observed roughening temperature and the heat of
dissolution with a theoretical value obtained from a simple first bond order
2D Ising model, points to a decreased solubility of CsBr at the crystal-
solution interface i.e. a “less than equivalent wetting”. In addition, the {110}
CsBr roughening transition is far more abrupt than the KT-type thermal
roughening of the {100} surface of a Kossel crystal.
As far as we know, this is the first time that a thermal roughening
transition has been observed for simple ionic compounds. For interpreting
these observations, however, quite crude theoretical assumptions had to be
made. To obtain deeper insight work has to be done on the statistical
mechanics of crystal surfaces composed of ions with long-range Coulomb
interactions.
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Chapter 3
Growth and Characterization of Cesium
Halides with Cubic Morphologies
J. Arsić, I. C. Reynhout, W. J. P van Enckevort and E. Vlieg
Abstract
We have recently discovered that if cesium halides are growing from small,
isolated, aqueous solution droplets, often well faceted, cubic shape crystals are
encountered. These cubes, bounded by {100} faces, are not stable and after a short period
they undergo an instantaneous phase transition and turn rough and grainy. The unstable
cubes are a polymorph of cesium halide, most likely with the fcc sodium chloride
structure.
Upon crystallization of cesium halides from saturated formamide solutions, apart
from a number of the above-mentioned unstable cubes, all the other crystals also exhibit a
cubic shape. Again they are bounded by the {100} faces, but they did not undergo the
instantaneous phase transition. X-ray diffraction showed the stable cubes to be the stable
polymorph of cesium halide having the primitive cubic structure. Surface topography of
the {100} faces using atomic force microscopy showed that the stable cubes grow by
steps of d100 in height and that the surface is not reconstructed. The stabilization of the
polar {100} faces is explained, by assuming that the crystal terminates in a Cs+ layer, by a
strong interaction of the polar formamide solvent molecules with the Cs+ ions at the top
of the crystal surface.
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3.1 Introduction
Cesium halides (CsX with X=Cl, Br or I in this paper) generally
crystallize in the stable primitive cubic CsCl structure, which is shown in
figure 3.1a. CsF crystallizes in the fcc NaCl structure shown in figure 3.1b.
The fcc polymorph of CsBr is found to be stable only at extreme temperature
conditions 1.
The growth morphology of cesium halide crystals with the primitive
CsCl structure can be derived from a connected net analysis2. A connected
net analysis based on the first neighbor broken bonds, results in five
different connected nets 3. Two each for the {100} and {111} faces and one
for the {110} faces. The two connected nets parallel to the {100} and {111}
faces differ in surface termination (Cs+ or X- on top), which results in polar
surfaces. Creating steps on the {100} and {111} faces does not cost any
energy in terms of broken bonds4. Therefore, in this model these faces are
rough, already at zero Kelvin, and are expected not to be present in the
growth morphology. The connected net parallel to the {110} direction has a
positive step free energy and thus a roughening temperature above zero
Kelvin. This implies that the theoretically predicted shape of cesium halide
crystals is dodecahedral, bounded by stable {110} faces. This is indeed the
common form observed for growth of CsX from aqueous solutions 5.
 A closely related group of ionic salts, namely the Li, Na, K, and Rb
halides grow in the NaCl fcc structure (figure 3.1b). Connected net analysis
predicts that these crystals have a cubic shape bounded by stable {100}
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FIG. 3.1.   Crystal structure of cesium halides: a) the stable primitive cubic structure  b)
the metastable fcc rock salt structure.
faces. Such cubes are indeed found when growing these salts from pure
aqueous solutions 6.
In ionic compounds such as cesium halides, polarity is an essential
element in growth control. The occurrence and properties of polar crystal
faces is closely related to the polarity properties of the growth medium. In
near–vacuum conditions polar surfaces are unstable because the electrostatic
potential does not converge. Consequently, such surfaces tend to stabilize
themselves by internal structural effects. Various possibilities exist to
decrease the surface energy by charge redistribution: readjustment of bonds
at the surface, surface relaxation or surface reconstruction. Under vacuum
conditions and at low temperatures a c(2x2) reconstructed surface is
predicted to be the most stable configuration for the polar {100} faces of
cesium halides 7,8. If growth takes place from a polar medium, however, the
otherwise unstable polar faces can be stabilized by a strong surface–solvent
interaction. This mechanism was used to explain the presence of polar {111}
faces of NaCl crystals grown from formamide-water solutions 9.
= Cs
= X (Cl, Br, I)
a) b)
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In this paper we describe our discovery that cesium chloride, cesium
bromide and cesium iodide crystals can grow with unexpected cubic
morphologies. Two types of CsX cubes were obtained. In water and to a less
extent in formamide solutions, metastable cubes can grow, which after a
short period suddenly transform into grainy, polycrystalline cubes. In
formamide solutions stable cubes can be grown. The occurrence of the
metastable and stable cubes is explained by different crystal structures and
by the stabilizing action of polar solvents respectively.
3.2 Experimental
The cubic crystals of cesium halides were grown from water and
formamide solutions. In the first case only metastable cubes were obtained,
whereas in the second case the majority of the crystals appeared to be stable.
Polarization microscopy showed that all cubes were optically isotropic with
flat {100} faces.
Water solutions were prepared by adding approximately 3 ml of
deionised water to pro analysis powders of cesium halide (Aldrich, highly
pure). After at least half an hour of stirring, the obtained saturated solutions
were filtered. To facilitate handling of the liquid, a few drops of water were
added to make the solutions slightly undersaturated. These fresh solutions
were transferred into small, dark glass bottles, fitted with a sprayer head. It
was absolutely necessary to use fresh solutions in order to obtain the desired
results. The water solutions prepared in this way were sprayed onto a
Growth and Characterization of cesium Halides with Cubic Morphologies
40
microscope object glass (15 x 50 x 1mm3). Before spraying, the substrate
was cooled by washing it with cold (281K) deionized water and dried with a
dust free tissue. By cooling the substrate we avoided bulk dendrite
crystallization, which happened in every experiment if the substrate glass
was at room temperature. If the glass was cold, evaporation was slower and
thus the crystal quality became better. The crystallization was observed in-
situ and ex-situ by optical reflection microscopy.
Saturated formamide solutions were prepared by dissolving powders
of cesium halides in approximately 7 ml of formamide (HCONH2), (Janssen
Chemica +99,5 %). After more than half an hour of stirring, the obtained
saturated solutions were filtered using a Millipore HVPL filter. A few drops
of formamide were added in order to make solutions slightly undersaturated.
Like the water solutions, these freshly prepared solutions were transferred
into small, dark glass bottles, fitted with a sprayer head.
The prepared solutions were sprayed onto glass slides as mentioned above.
In this case, however, cooling of the substrate was not necessary. Due to the
very low vapor pressure of formamide, evaporation went very slowly.
Evaporation took from 8 hours to 5 days, depending on the amount of
formamide applied onto the glass slide. The grown cubes were observed by
optical reflection microscopy, transmission polarization microscopy and
contact mode Atomic Force Microscopy (AFM), using a Digital Instruments
Dimension 3500. Atomic resolution was obtained by using a Digital
Instruments Nanoscope III AFM; again using contact mode. Single cubic
CsBr crystals of the stable type were used for single crystal X-ray diffraction
analysis.
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3. 3 Observations
3. 3. 1 Water solutions
Cesium halides dissolve extremely well in water. Due to their high
solubility, the surface energy of these crystals is low and thus they grow fast
from aqueous solutions 10. Reproducible results were only obtained if freshly
solutions were used.
When saturated cesium chloride solution was sprayed onto the cooled
glass slide, most of the crystals that appeared were dendrites (figure 3.2a), as
a consequence of low surface energy and the limited solute supply during
the growth. The dendrites showed the same dodecahedron -like
characteristics as described in our previous work5. However, sometimes also
transparent cubes were observed as shown in figure 3.2b. These crystals
were several tens of microns in size and were bounded by well-defined
{100} facets. These transparent cubes were formed only in isolated droplets
of solution. Mostly, these cubes underwent an instantaneous phase transition
and turned grainy (i.e. appeared opaque under the microscope) within a few
seconds after complete evaporation of the embedding solution droplet
(figure 3.2c.).
Also when spraying a solution of cesium bromide on the glass
substrate, transparent cubes appeared. These cubes were more stable than the
cesium chloride ones, and transformed within 10 minutes after complete
evaporation of the surrounding solvent. Figure 3.3 shows the observed
transition, which is instantaneous (e.g. one video frame time).
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FIG. 3.2 Different cesium chloride crystals grown from water solutions: a) several
dendrites. b) metastable transparent cube before phase transition and c) cube after
transformation.
Spraying cesium iodide solution gave similar results as CsBr. The
cubes were slightly more stable, approximately 15 minutes, before
transformation, as shown in figure 3.4.
In all cases the transparent cubes were most stable in isolated droplets
of solution. They transformed grainy after complete evaporation of the
surrounding solvent or when they came in contact with growing dendrites
having the primitive CsCl structure.
Polarization microscopy proved the unstable cubes to be optically isotropic,
i.e. the crystals have a cubic lattice.
We tried to keep the transparent cubes, embedded in droplets of
solution, stable over a longer period of time, by covering them with paraffin
oil in order to prevent further solvent evaporation. This led to a slightly
increased life-time of the crystallites, but any further handling of the
unstable crystals resulted in immediate transformation.
For this reason we tried to crystallize them from another more slowly
evaporating solution.
b) c)
30µm 30µ
a)
50µm
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FIG. 3.3  Phase transition of cesium bromide: a) metastable, transparent cube b)
roughened cube after 10 minutes.
3.3.2. Formamide solutions
Following to the work of Radenovic et al. 9 on growth and
characterization of polar NaCl {111}, we decided to use formamide as a
solvent. Contrary to our expectations, these experiments provided two types
of CsX cubes: the same unstable ones as obtained from water solutions and
very stable cubes that did not transform.
For all three halides, the first crystals appeared on the glass substrate
approximately after 30 minutes of solute evaporation. Most of these crystals
were stable, transparent cubes. Sometimes dendrites appeared together with
the cubic crystals. When crystallizing from formamide, as shown in figure
3.5a, the dendrites showed a cubic pattern and did not have side arms. After
complete evaporation of the solvent, the dendrites recrystallized and broke
up into transparent stable cubes. These cubes where smaller than those that
appeared initially (figure 3.5b).
70µ 70µ
a) b)
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FIG. 3.4.  Metastable transparent cubes of cesium iodide observed in droplets of water
solution.
If the whole glass substrate was covered with thin layer of formamide,
the evaporation process took approximately 5 days and large cubes of a few
millimeters in size were obtained. Large crystals were produced for all the
three halides. Most of the cubes showed a central depression as can be seen
in figure 3.6. The large cesium bromide crystals obtained in this way were
used for single crystal X-ray diffraction. Analysis of the diffraction pattern
showed that the stable transparent cubes have the primitive cesium chloride
structure.
Besides the well-developed stable transparent cubes, also metastable
transparent cubes appeared, but in considerably smaller number than when
crystallizing from water solutions. These cubes transformed into rough ones
within a few minutes. Figure 3.7 shows an example of a cesium bromide
stable cube and a transformed metastable one.
We have performed AFM measurements on transparent and
transformed CsX cubic crystals. Figure 3.8 shows an image of a smaller
(approximately 40µm in size) stable transparent cube of cesium iodide. It
80µm
Chapter 3
45
FIG. 5. Growth of cesium chloride from formamide:  a) dendritic growth with cubic
habits;  b) dendrite of cesium chloride that is broken up into small cubic or rectangular
crystals.
can been seen that the surface is flat and covered with steps. This implies
that the stable cubes grow below the roughening temperature and have a step
free energy larger than zero. The steps on these crystals are rounded and
sometimes they form closed loops. The measured step height was
approximately 4.35Å. This is in a good agreement with cesium iodide lattice
constant of 4.52Å 11. Therefore, we can conclude that steps are
monomolecular i.e. consist of one Cs+ and one X- layer. If the surface is not
reconstructed this implies that always only one type of ion is on the top of
the {100} surface.
On the transparent cesium bromide cubes, fewer steps were found.
This is explained by the more hygroscopic character of this compound as
compared to cesium iodide. Therefore steps of the cesium bromide were
slightly dissolved resulting in a rougher surface than observed for cesium
iodide.
1mm 1mm
a) b)
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FIG. 3.6. Large transparent cube of cesium bromide with a square shaped central
depression.
Large cesium iodide stable cubes were suitable to obtain atomic
resolution AFM images, mostly because these crystals were least affected by
atmospheric water vapor. Moreover, they have the largest lattice dimensions.
The surface appears as presented in figure 3.9, in which oriented patterns of
single bright spots referring to the positions of single ionic species are
visible. Only a non-reconstructed 1x1 square 2D lattice structure is
observed. The interatomic distance is equal to the unit cell length of the
primitive cesium iodide structure, namely 4.38 Å. This observation shows
that surface is neither a disordered flat phase (DOF) nor c(2x2)
reconstructed.
The surfaces of the transformed unstable cubes of both CsBr and CsI
showed a different surface morphology. The grainy structure is composed of
shallow hillocks with rounded tops. Figure 3.10 presents an AFM image of
rough cubes for both types of cesium halides. The height of these protrusions
is 80nm. No steps were found for both halides.
1mm
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FIG. 3.7. Cesium bromide crystals grown from formamide solution: stable transparent
cubes (left) and metastable cube, in the rough state after transformation (right).
It was found that the appearance of the stable cubes depends strongly
on the purity of the formamide. If the formamide is less than 98% pure
(Aldrich chemicals, yellow colour), the stable cubes will not be obtained.
Formamide is also very hygroscopic. If the formamide contains a slight
amount if water, only dendrites, rounded dodecahedrons and unstable cubes
appear. This points to a competing adsorption of water molecules on the
cesium halide crystal surface.
3. 4. Discussion
3. 4. 1 Growth from water solutions
We presume that the unstable transparent cubes appearing on the glass
substrate when crystallizing from water, have the fcc NaCl structure. Several
features indicate this. The crystals are very unstable: within a few seconds
30µm
40µm
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FIG. 3. 8.  AFM topography showing the surface of a stable cube of cesium iodide, with
unit cell height steps.
(only in a few cases, minutes) they turn rough and grainy. This points to a
solid state phase transformation, in which the structural differences between
the two phases are so large that the crystals turn polycrystalline. The various
grains of 1 to 5 microns in size could be mapped by optical microscopy and
AFM. The “black” color after transformation is due to light scattering from
the grain boundaries and the rough surface, which leads to opalescence. The
metastable structure of the cubes was exemplified when they came in contact
with dendrites, which have the primitive cubic CsCl structure. In that case
the single crystalline cubes turned immediately polycrystalline. Further, the
metastable crystals are optically isotropic, which indicates a cubic lattice.  A
second argument for the NaCl structure is the fact that connected net
analysis for this structure predict cubic crystal habit in contrast to the
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FIG. 3. 9.  Atomic resolution picture of cesium iodide crystal, as imaged by AFM. The
horizontal distance between 4 ionic rows is 1.315 nm, corresponding with a distance of
4.38 nm between ions of equal sign.
dodecahedral shape of the primitive cubic cesium chloride structure. Cubes
of  NaCl type crystals grown from pure aqueous solutions are indeed
commonly reported 12, 13, 14.The final argument for the NaCl structure comes
from stability that was found to depend on the compound. Our experiments
show that the cesium iodide cubes are the most stable. This is in agreement
with theoretical results 11, which predict the lattice energy of fcc cesium
iodide to be closest to that of the primitive cubic structure. In cesium iodide
the negative ions have the biggest ion radius. This makes the fcc structure
more probable (see figure 3.1). Starting from a simple hard sphere model, it
is known that if the radius of the cation is larger than 0.732 times the radius
of an anion in an ionic compound A+B-, this compound crystallizes in the
cesium chloride structure 15. If 0.414< r+/r- < 0.732  it crystallizes in the
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FIG. 3. 10.  AFM image showing the surface of a cesium bromide (left) and a cesium
iodide rough cube (right). The individual grains and the grainboundaries in between can
clearly be distinguished.
sodium chloride structure. For cesium chloride, r+/r- = 0.93; cesium bromide
r+/r- = 0.87 while for cesium iodide r+/r- = 0.78. It is clear that r+/r- of cesium
iodide is closer to 0.732, which makes the fcc form of cesium iodide less
unstable as compared to that of fcc cesium chloride.
While these arguments make the NaCl structure of the metastable
cubes very likely, X-ray diffraction is needed to give absolute certainty.
Unfortunately, due to their instability we were not able to apply this
technique.
Crystallization in polymorphic systems is governed by a combination
of thermodynamic and kinetic factors. Thermodynamically, crystallization
results in an overall decrease of the free enthalpy of the system. This means
that, in general, the crystal structure that appears will be the one with the
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smallest lattice energy. In polymorphic systems, however, there is a number
of possible structures with similar lattice energies. The drive to a minimum
in energy is often balanced by kinetic tendency of the system to crystallize
as quickly as possible to relieve the supersaturation. If the unstable
polymorph has a smaller critical nucleus size and lower activation energy for
crystallization it can appear first. Transformation to the stable structure often
takes place later. This manifestation of the Ostwald rule of stages appears to
apply to the crystallization conditions we used for these cesium halides.
Comparing the connected nets of the primitive cubic cesium chloride
structure to the fcc rocksalt structure of the cesium halides, it turns out that
the connected net of the (110) face of the primitive cubic cesium halide
structure and the (100) connected net of the fcc rocksalt structure are the
same. Using first neighbor bond interactions between hard sphere ions and
neglecting vertical bonds, both looks similar to the (100) connected net of
the simple cubic Kossel crystal 16. This should indicate that the roughening
temperatures of these crystals are identical. However, observations show the
contrary; the cubes are faceted, while the dodecahedrons are rounded. The
dodecahedrons of the cesium halides, with the primitive cubic structure,
crystallized from water at room temperature, grow above (CsCl, CsBr) or
just below (CsI) the roughening temperature 5, while the unstable well
faceted cubes of the fcc NaCl structure grow far below the roughening
temperature (see figure 3.2). This might be explained by the following
(over)simplified consideration. The heat of dissolution of the metastable fcc
phase is expected to be larger than that of the stable phase. Moreover, each
ion in the NaCl structure has 6 nearest neighbor bonds, while the CsCl
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structure has 8. This implies that the heat of dissolution per bond, i.e.
effective bond strength, and thus the roughening temperature is higher for
the NaCl structure.
3. 4. 2. Growth from formamide solutions
Using formamide as a solvent for the growth experiments yielded
stable as well as unstable cubes. The unstable ones have the same properties
as those found from water solutions. This implies that unstable cubes
crystallize from both solutions in the fcc rock salt structure. The stable cubes
have the primitive cubic CsCl structure, but in contrast to the results of the
connected net analysis they do not exhibit the dodecahedral form. Atomic
resolution images of the stable cubes showed that no reconstruction occurs
for the {100} surfaces. Theory predicts that a c(2x2) surface reconstruction
will stabilizes the polar{100}faces of the cesium halides in vacuum
conditions.  No reconstruction implies that, apart from possible relaxation,
the {100} CsX surface looks like a truncated bulk primitive CsCl structure.
Stabilization must than be achieved by strong interaction with the
formamide solution.
Using AFM only steps of one unit cell height were observed; no steps
of height ½d100 were revealed. This indicates that only one type of ionic
layer, consisting of solely
Cs+ or X- ions, is on top of the surface.  Based on a model for the
electrostatics using Gasteiger atomic charges 17, we predict that the surface is
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FIG. 3. 11. Structure of formamide molecule with Gasteiger atomic charges indicated
(from ref.15).
truncated by a Cs+ layer, because positive Cs+ is stabilized more effectively
by the formamide than the negative charge of the halide ions. This is
explained by the fact that the negatively charged oxygen of the formamide is
more exposed than the shielded positive charges on the carbon atom (see fig.
3.11). Moreover, the NH2 group is almost electrically neutral. Therefore, the
oxygen can have a more direct stabilizing interaction with the neighboring
positive ions at the surface. This model of a surface stabilized by formamide
was also proposed to explain the occurrence of {111} NaCl surfaces 9. How
formamide exactly stabilizes the surface is not known. To obtain information
on this, extensive molecular dynamics simulations are needed.
To determine the termination of the polar cesium halide surfaces, one
has to take resort to surface X-ray diffraction experiments 18. For this
purpose crystals with extremely flat {100} faces are needed. Because the
cesium halides are very sensitive towards water, ex-situ measurements are
very difficult. However, in situ X-ray experiments using saturated
formamide solutions are a way to do it.
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3. 5. Conclusions
In contrast to the results from a first bond order connected net
analysis, which predicts a dodecahedral growth form, cesium halides can
also crystallize in a cubic morphology. Unstable as well as stable cubes were
encountered.
Unstable transparent cubes were obtained from water solutions as well
as from formamide solutions. These cubes are very unstable and after a
period of seconds to minutes they transform instantaneously into rough,
grainy cubes. AFM measurements showed that the transformed cubes are
polycrystalline with a grain size ranging from 1 to 10 micrometers. We
presume that the unstable cubes have the fcc rock salt structure. This agrees
with the increased stability of the cubes going from CsCl, CsBr to CsI, as
predicted by theoretical calculation. Because of its short life-time the
rocksalt structure could not be verified by X-ray diffraction.
Stable cubes were only obtained by crystallizing cesium halides from
pure, water-free formamide.  These transparent cubes, bounded by {100}
faces, have the primitive cubic cesium chloride structure, as was shown by
single crystal X-ray diffraction. AFM shows that the surface of these cubes
is atomically flat and is covered with steps having a height equal to the
lattice constant d100. Atomic resolution images show that the cube surfaces
exhibit a square 1x1 two-dimensional lattice. This indicates that the surface
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is not reconstructed as has been predicted by theory, but is directly stabilized
by the polar formamide molecules.
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Chapter 4
Compression versus Expansion on Ionic
Crystal Surfaces
J. Arsić, M.F. Reedijk, A. J. R. Sweegers, Y. S. Wang and E. Vlieg
Abstract
We have determined the structure of the {101} face of ammonium dihydrogen
phosphate (ADP) in aqueous solution by the use of surface X-ray diffraction. We find
that a layer of ammonium ions terminates the {101} face of ADP, followed by a layer of
phosphate ions. For a proper description of the experimental data, relaxation in these two
layers needs to be included. The ammonium layer is relaxed inward by 0.34 ± 0.13Å,
while the dihydrogen phosphate layer is relaxed 0.27 ± 0.11Å outward. Comparing our
results with earlier experiments on potassium dihydrogen phosphate, KDP {101}, we find
both similarities and differences between these two isomorphous crystals. The most
striking difference is the reversal of the direction of relaxation of the outmost layer.
Hydrogen bonding in ADP is a likely cause for this difference.
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4.1 Introduction
The macroscopic shape of a crystal is largely determined by its
structure on an atomic or molecular scale. Current theories that predict the
growth shape of a crystal  (in particular the Hartman- Perdok theory and its
further developments) are therefore based on the bulk crystallographic
structure 1. These theories ignore the role of deviations from the bulk
structure at the growth interface. This neglect arises largely from the lack of
experimental knowledge about the atomic structure, in particular for the case
of growth from solution. However, by using the present generation of
synchrotron radiation sources, X-ray diffraction is now starting to provide
quantitative information about surface relaxation, crystal termination and the
role of impurities for crystals growing from solution 2.
In this chapter, we report the surface structure of the {101} face of
ADP (ammonium dihydrogen phosphate, NH4H2PO4). This is a crystal of the
KDP (potassium dihydrogen phosphate, KH2PO4) family, which is of
interest because of its use in optical switching and frequency conversion in
laser applications and its large role in fundamental studies of crystal growth
from solution3.
Only very limited knowledge about the surface structure of such ionic
crystals is available. By comparing our results with earlier experiments on
KDP {101}2 we can now for the first time look at the structural trends in this
type of crystals. In both cases the {101} crystal face terminates with positive
Compression versus Expansion on Ionic Crystals Surfaces
60
groups. The most striking difference is that the expansion of the top layer of
KDP reverses to compression for the case of ADP.
4.2 Experimental
The Hartman–Perdok theory correctly predicts 4, 5 that the pyramidal
{101} and the prismatic {100} faces determine the growth morphology of
ADP (figure 4.1a). In this letter, we focus on the {101} face, which can, in
principle, terminate by an [NH4]
+(ammonium) or a [H2PO4]
- (dihydrogen
phosphate) layer, or both (figure 4.1b). In order to test the latter possibility
we have performed atomic force microscopy (AFM) measurements. These
show molecularly flat terraces with steps of 5.3Å in height (figure 4.2),
which is equal to the interplanar distance d101. If two terminations occur
simultaneously, steps of 2.7Å should exist and therefore we conclude that
only one termination is present. Which termination cannot be determined
from our AFM data and therefore we performed in-situ X-ray diffraction
experiments at beam line ID32 of the European Synchrotron Radiation
Facility (ESRF) in Grenoble, France.
Samples with as-grown surfaces were etched in ultra-pure water for a
few seconds and then re-grown for 10 minutes in a slightly supersaturated
aqueous solution. Because of the high solubility of ADP the preparation of
the samples required a number of etching-regrowth cycles in order to obtain
the large and molecularly flat terraces necessary for the X-ray diffraction
experiment. The ADP {101} crystals were mounted in a growth chamber 6
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FIG. 4.1 a) Growth morphology of an ADP crystal with the prismatic {100} and
pyramidal {101} faces indicated.b) Schematic side view of the pyramidal face {101}.
The smaller tetragonal groups represent ammonium ions, the bigger tetragonal groups are
phosphate groups. Dotted lines represent layers with ammonium termination, while
dashed ones show layers with the phosphorous groups on top. The minimum step height
on a surface with a single termination is 5.30Å
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filled with saturated aqueous ADP solution, which was kept at a constant
temperature of 22°C using a water bath thermostat. The incoming and
outgoing X-ray beams penetrated a thin Mylar foil, which was placed close
to the crystal surface, leaving a thin layer of saturated solution between the
crystal and the foil. Data sets were collected for two different X-ray
energies: 9 keV and 19 keV. The signal-to-background ratio was quite low,
since ADP contains mainly light elements, while the thin liquid layer
produced significant background scattering. Finding the best signal-to-
background ratio requires optimizing the X-ray energy and the incoming
angle. In surface X-ray diffraction experiments, one typically uses small
incoming angles. Here we also acquired data with large incident and small
exit angles and found that the resulting sharper line profiles 7 had a 10 times
better signal to background ratio.
In order to denote the ADP {101} surface and the X-ray reflections,
we define a unit cell whose primitive lattice vectors {ai}, can be expressed in
the terms of the conventional tetragonal lattice vectors (a = 7.50Å and c =
7.55Å), as:
with:
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FIG. 4.2. An AFM topography of the ADP {101} crystal surface after etching in ultra-
clean water. Terraces are molecularly flat and separated by steps with a height of 5.30Å.
The reciprocal lattice vectors bj are defined by ai* bj=2πδij. The momentum
transfer vector is then expressed in reciprocal space as: Q=hb1+kb2+lb3, for
the diffraction indices (h k l).  With our unit cell definition the diffraction
index pair (h k) refers to the in-plane component of Q and the index l to the
out-of-plane component.
Integrated intensities of various reflections were determined by
rotating the crystal about the surface normal and measuring the number of
diffracted photons. For a flat crystal surface, there is a continuous intensity
distribution along the l direction, the so-called crystal truncation rods
(CTR’s) 8
The integrated intensities are converted into structure factor
amplitudes by applying the necessary geometrical and resolution
corrections7. The validity of this procedure is demonstrated by the fact that
we were able to normalize data with small or with large incoming angle on
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the same relative scale. The values for the negative l part of a rod are
obtained using Friedel’s rule.
4.3 Results
We measured in total 137 non-equivalent reflections, consisting of the
(10), (01), (11) rod and in-plane data, with an agreement factor of 17% when
averaged over all measurement conditions. Figure 4.3 shows the measured
structure factor amplitudes of the (10) rod.
We first address the issue of the termination of the crystal surface. In
figure 4.3 the structure factors calculated for the two possible bulk
terminations of the {101} surface are compared with the data. The only
fitting parameters in these cases were a scale factor and the surface
roughness. The Debye -Waller factors were fixed at the bulk values. The
fitting was done using the ROD program 9. As figure 4.3 shows, neither
[NH4]
+ termination (dotted curve, χ2=2.4) nor the H2PO4- termination
(dashed curve, χ2=5.5) yields a satisfactory fit, although the NH4+ appears to
be the best. In order to obtain a good fit, it is essential to include relaxation
of the two top layers of this surface. Including this, a good fit for the [NH4]
+
termination (solid curve) was obtained with a χ2=1.6 for the entire data set.
The relaxation values are listed in table 1. For the [H2PO4]
- termination we
could not obtain a satisfactory fit (χ2=5.1). Including relaxation in more
layers did not significantly improve our best fit. We also tried several other
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FIG. 4. 3  Structure factor amplitudes along (10) rod for ADP {101} in solution, as a
function of  the perpendicular momentum transfer (diffraction index l), which is
expressed in reciprocal lattice units. The dotted curve represents a calculation for a bulk
[NH4]
+-terminated surface and the dashed curve for a bulk [H2PO4]
--terminated one
(fig.1b). The solid curve represents the best fit for the [NH4]
+-terminated surface with
relaxation of the two top layers included.
surface configurations5 including one with double ammonium layers on top
but none of them gave a satisfactory fit.
In our model we treated the phosphate as a fixed group, since our data
is not accurate enough to treat the P and O atoms independently. The [PO4]
3-
ions are expected to be very rigid as compared to the inter-ionic movements.
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The ammonium ion is also treated as a group, because X-ray diffraction is
very insensitive to the hydrogen atoms. The liquid in direct contact with the
{101} face is expected to show partial ordering 10. It should therefore have a
small contribution to the diffraction rods. In our case of only non-specular
rods this contribution is found to be negligible.
4. 4 Disscussion
Our data show that in the growth solution the surface of ADP {101} is
terminated by a layer of [NH4]
+. This ammonium top layer is relaxed by 0.34
± 0.13 Å towards the bulk and the topmost phosphate layer is relaxed
outward by 0.27 ± 0.11 Å, see figure 4.1b. The surface has a roughness of
less than 0.13 Å as measured over a lateral length scale of 200 Å, which is in
agreement with the AFM images (figure 4.2). The bulk spacing between the
[NH4]
+ and [H2PO4]
- layers is 1.33 Å. Due to the relaxation, this distance is
reduced to 0.72 Å at the surface. This compression of 50% does not lead to
unphysical bond distances, because of the crystallographic packing (figure
4.4).
The single termination we find from X-ray diffraction agrees with the
AFM results (figure 4.2). The steps on the surface are always from one
[NH4]
+ layer to the next. Since the surface free energy is the main factor
determining the crystal growth shape 11, knowing which steps are realized is
important.
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Growth layer
ADP
Relaxation [Å]
KDP
Relaxation [Å]
[NH4]
+ / K+ -0.34 ± 0.13 Å +0.10± 0.05 Å
[H2PO4]
- +0.27 ± 0.11 Å +0.04±0.05 Å
TABLE 1. Comparison of the top-layer relaxation of the two isomorphous {101} faces
of ADP and KDP 2. Minus and plus signs mean that ionic layer is relaxed towards the
bulk or towards the solution, respectively.
Aguilo and Woensdregt used a point- charge model and non-relaxed
atom positions to predict the stability of various faces of ADP 4. Even
though they favored a growth mode in which two terminations occur
simultaneously, they found the NH4
+ termination to be the most stable, in
agreement with our experimental results.
We can compare ADP {101} with the isomorphous KDP {101}
surface 2. For KDP {101} the crystal also terminates with a positive layer,
K+. Even though these are the only two ionic crystals on which results of this
type have been obtained, this termination in a positive layer appears to be a
trend. Table 1 lists the relaxation measured for ADP and KDP. Here we find
significant differences: while for ADP the top layer moves inward, for KDP
it relaxes outwards. For both systems, the second layer relaxes
outwards. The ADP surface relaxes more strongly than KDP.  The two top
layers thus have the same charge, but are otherwise completely different.
The second layer consists in both cases of  [H2PO4]
- and this layer shows
similar behavior.
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FIG. 4.4 Schematic side view of the {101} face showing the relaxation of the top layers.
Bigger tetragonal groups represent phosphate groups and smaller tetragonal groups
represent ammonium groups. Dotted lines indicate hydrogen bonds between ammonium
and phosphate groups in the bulk structure. Small stars indicate two groups with one
hydrogen bond broken, due to the termination at the surface.
The hydrogen bonding of the ammonium in ADP may cause the
difference between KDP and ADP. This hydrogen bonding is absent in the
case of KDP. In the bulk, the four hydrogen atoms of the ammonium group
form hydrogen bonds to the oxygen ions of four neighboring phosphate
groups (figure 4.4). At the ammonium-terminated surface, however, one of
those hydrogen bonds is broken, leading to a broken bond in the top layer
(ammonium) and a broken bond in the third layer (phosphate). Stars in
figure 4.4 indicate these bonds. The large inward relaxation of the top layer
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reduces the bond distance between the associated nitrogen and oxygen atoms
from 3.17Å to 2.97Å. This is very close to the value of 2.91Å for the N-H-O
hydrogen bond in bulk ADP. We thus propose that the driving force for the
large inward relaxation of the surface ammonium groups is the formation of
an extra hydrogen bond with the lower-laying phosphate groups, as a
compensation for the bonds that are broken due to the crystal termination. In
this case the bonds of the ammonium group will no longer form a symmetric
tetrahedron. We cannot determine this deformation experimentally, because
the hydrogen atoms are largely invisible for the X-rays. Presumably this
effects wins from the tendency to form hydrogen bridges with the H2O
molecules above the surface.
It would be helpful if these ideas could be tested by model
calculations. However, unlike the situation for crystals with other bonding
types (metallic, covalent, molecular), there are no theoretical models that are
sufficiently accurate to make general predictions on the behavior of surfaces
of ionic crystals, neither in vacuum nor in an aqueous environment. We hope
that our experimental results will stimulate the development of such theories,
because ionic crystals are as important and common (e.g. rock salts) as
crystals of the other types. This would be a starting point for an atomic-scale
understanding of the growth and dissolution of ionic crystals, the interaction
with the aqueous environment and the role that is played by impurities12, 13.
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Chapter 5
Liquid Ordering at the Brushite{010}-Water
Interface
J. Arsić, D. Kaminski, P. Poodt and E. Vlieg
Abstract
Using surface x-ray diffraction we have determined the atomic structure of the
{010} interface of brushite, CaHPO4*2(H2O), with water. Since this biomineral contains
water layers as part of its crystal structure, special ordering properties at the interface are
expected. We found that this interface consists of three water bilayers with different
ordering properties. The first water bilayer is highly ordered and can be considered as
part of the brushite crystal structure. Surprisingly, the other two water bilayers exhibit no
in-plane order, but show only layering in the perpendicular direction. We propose that the
low level of water ordering at the interface is correlated with the low solubility of
brushite in water.
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5.1 Introduction
A proper understanding of physical and chemical phenomena such as
crystal growth from a solution, lubrication and electrochemistry, requires
structural knowledge of the solid-liquid interface at an atomic scale. For a
long time suitable experimental techniques were not available and the main
ideas were derived from theoretical models1,2. Such theoretical studies made
it clear that the first few liquid layers in contact with the crystal surface have
special properties. The liquid near the interface is influenced by the periodic
potential of the crystal surface and is expected to show more ordering than in
the bulk liquid. The ordering is predicted to be stronger in the perpendicular
than in the lateral direction. Layering of the liquid in the direction
perpendicular to the surface has indeed been observed in a few cases. Toney
et al.3 showed layering of the liquid at electrode/electrolyte interface as a
function of voltage. Huisman et al.4 found evidence of a layering of liquid
gallium in contact with a diamond surface using x-ray diffraction. Recently
Cheng et al.5 found molecular–scale density oscillation at the water/mica
interface using specular reflectivity.
Detecting the amount of in-plane ordering of the liquid has proven to
be even more difficult. It has been observed in simple model systems
consisting of Pb and Sn monolayers on a Ge(111) surface6, 7, 8. Using
transmission electron microscopy, lateral ordering was observed
qualitatively in thicker films9. Recently, a single icelike layer was found at
the RuO2-water interface
10, and we derived the complete ordering
components of a KDP (potassium di-hydrogen phosphate) {101} surface in
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FIG. 5.1 Schematic side view of the {010} face of CaHPO4*2(H2O). Existing hydrogen
bonds in the bulk are represented with dotted lines. Stars indicate places where the
hydrogen bonds are broken due to the surface termination. The dashed lines at the surface
indicate possible new hydrogen bonds owning to the surface relaxation.
contact with water11. From these studies the picture emerges that a liquid in a
contact with a crystal surface has both solid and liquid properties. The
transition to bulk liquid behavior appears to depend strongly on the
particular system. At the RuO2-water interface lateral ordering seems absent
beyond the first layer, while in the case of KDP the first three water layers
show varying degrees of lateral order.
In order to gain a better understanding of the water ordering at such
interfaces, we reaport here determined the structure of the brushite
(CaHPO4*2(H2O)){010}- water interface. This crystal is one of the major
H2O (double layer)
Bulk hydrogen bonds
Solid
Liquid
Ca2+
[HPO4]
2-
7.6Å
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components of kidney stones and has a wide use as a coating for bone
implants. Brushite, also known as DCPD (dicalcium hydrogenphosphate
dihydrate), is a model system for biomineralisation. It grows easily from
solution in a plate-like morphology. Although the growth and surface
structure of brushite single crystals have been studied12, 13, the interface
atomic structure of the most prominent faces has not been determined. The
property that makes this crystal particularly attractive for the investigation of
solid-liquid interfaces, is that brushite has water (‘ice’) incorporated in the
crystal structure. These water layers appear as bilayers parallel to the {010}
orientation as shown in figure 5.1. Owing to the ordered water in the crystal
structure of brushite, liquid ordering at the interface is expected to be quite
strong. However, to our surprise, we found the water ordering to be weaker
for brushite than for KDP.
5.2 Experimental
Single brushite crystals of 2x4x0.5mm3 in size, were isolated from the
agarose gel growth medium by washing them with pure ethanol. Using
atomic force microscopy (AFM), we found the brushite surface to be flat and
covered with monoatomic steps. The step height of 7.6 Å agrees with
previous results13 and corresponds to half a unit cell in the <010> direction.
The bulk crystal structure (figure 5.1) allows several surface terminations of
the {010} face: single or double layers of either water or calcium phosphate.
The constant step height proves that only one termination is realized.
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We performed surface x-ray diffraction experiments at the ID03 beam
line of European Synchrotron Radiation Facility (ESRF) in Grenoble using
an X-ray energy of 10 keV. This is one of the few techniques that can be
applied for the structure determination in non-vacuum environments. In
order to obtain data with the required accuracy, the water layer has to be
very thin, because otherwise the background signal becomes too high11. We
therefore exploited the fact that in a humid environment the crystal is
covered by a thin water layer. The experimental set-up consists of a sample
environmental chamber14 that was coupled to a z-axis diffractometer and that
can operate in different modes from dry to 100% humidity. The
environmental chamber was mounted on the diffractometer in such a way
that the crystal {010} surface was in the horizontal plane.
We found that the x-rays induced serious beam damage in the bulk
crystal, which leads to a huge background intensity and also to surface
roughness. The effect was found to depend on the measuring conditions and
was not linear in the beam intensity. In air a surface lasted only about 20
seconds in the full x-ray beam! The damage could be minimized by
measuring at 100% humidity and with the beam intensity reduced by a factor
30. In this way an equilibrium between damage and healing of the surface
seems to be established. We thus present below only data measured under
these optimum conditions.
In order to denote the brushite{010} surface, we define a unit cell
with lattice vectors {ai}, that can be expressed in the terms of the
conventional monoclinic lattice vectors (a = 5.812 Å, b = 15.18 Å and c =
6.239 Å), as:
Liquid Ordering at the Brushite{010}/ Water Interface
77
a1 = [001]monoclinic,  a2 = [100] monoclinic   and  a3 = [010] monoclinic
The reciprocal lattice vectors bj are defined by ai⋅bj = 2πδij. The momentum
transfer vector Q, which is the difference between the wave vectors of the
incident and scattered x-rays, is then Q = hb1+kb2+lb3, with (hkl) the
diffraction indices. Here, the reciprocal lattice vectors are chosen such that
the diffraction index l denotes the perpendicular component of Q.
For a flat crystal surface, there is a continuous intensity distribution
along the l direction, the so-called crystal truncation rods (CTR’s)15. These
rods are tails of diffuse intensity connecting the bulk Bragg peaks in the
direction perpendicular to the surface. Their exact shape is determined by
the interface atomic structure. Integrated intensities of various reflections
were determined by rotating the crystal about the surface normal and
measuring the number of diffracted photons. The integrated intensities were
converted into structure factor amplitudes by applying the necessary
geometrical and resolution corrections16. Model calculations and fitting were
done using the ROD code17.
5.3 Results
We measured in total 155 non-equivalent reflections, consisting of the
(00) (or specular), (20) and (22¯) rods, with an agreement factor of 8% when
averaged over all different samples used. Part of the data is shown in figure
5.2. In order to fully determine the liquid ordering, it is crucial to measure
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FIG. 5.2  The structure factor amplitude along the (20) and (00) rods. Open circles
represent the data points, solid curves the best fit with three adsorbed water layers (as
described in the text). The dashed curve in (a) represents a model calculation for a
termination with two completely ordered water bilayers; in figure (b) the dashed line
represents a termination with only one completely ordered water bilayer.
a)
(2 0)
b)
( 0 0)
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rods with different in-plane momentum transfer11. The specular rod is only
sensitive to the electron density perpendicular to the surface and ignores in-
plane order. The other rods probe the lateral order as well. Since the ordering
is strongest in the perpendicular direction, the specular rod will probe more
liquid layers than the other rods.
5.3.1 Model
For a proper fitting of the data we need a model that describes the
entire interface, thus both the crystalline brushite surface and the partially
ordered water. The water layers of the interface are modeled as bilayers, just
as they appear in the brushite bulk structure (see figure 5.1). This approach
proved to be the best after an extensive analysis of different models for the
liquid part of the interface. Furthermore, water layers are represented by
planes of oxygen atoms because x-rays are insensitive to hydrogen. The
amount of ordering of each water bilayer is fitted through anisotropic
Debye-Waller (DW) parameters of the oxygen atoms. A small in-plane DW
parameter corresponds to a layer with high lateral ordering that will
contribute to all rods. Liquid layers that contribute only to the specular rod
are modeled by giving them a large in-plane DW parameters (> 400). The
occupancy of the oxygen atoms in the layers determines the density of the
liquid layers. Other fitting parameters used were surface roughness, a scale
factor and relaxation of the top layers.
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5.4 Disscussion
5.4.1 Surface Termination
We first need to address the termination of the crystal. This is most
easily determined using the rods that are sensitive to the in-plane order and
thus less sensitive to the liquid structure. We find in this way that the crystal
terminates with a single water bilayer. This fit is shown by the solid curve in
figure 5.2a. Other terminations did not yield a satisfactory fit. The dashed
line in figure 5.2a is, for example, a fit with two fully ordered water bilayers
at the interface. A model with one bilayer, however, does not give a good fit
for the specular rod, as represented by the dashed curve in figure 5.2b. We
find that we can only fit the specular rod if two extra water layers are added.
The specular rod thus ‘sees’ three water layers, the other rods only one. The
full model therefore consists of one fully ordered water bilayer and two
additional bilayers without in-plane ordering. This model describes all our
data well, yielding a χ2 of 2.7 for the entire data set, and it is represented by
the solid curves in figure 5.2. The best fitting parameters are given in table 1.
Relaxation of the top calcium phosphate layers was found to be negligible.
The first water bilayer relaxes inward by 0.2 Å, while the distance between
bilayers 1 and 2 is 0.5 Å larger than in the bulk.
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5.4.2 Water layer thickness
Under our measuring conditions, the total water thickness is limited to
about three layers. We expect very similar properties for the interfacial water
layers if a geometry with a thicker water film would have been used, since
the lateral ordering is found to be restricted to a single layer. In particular,
the fact that the second water layer shows no lateral ordering, should not
change if more water layers are present. Our best fit indicates an enhanced
occupancy (density) of the first two water layers. While the other parameters
(including the ordering) only weakly depend on the specific values, this does
point to a density that is about a factor 2 higher than that of bulk water.
5.4.3 Water ordering at the interface
A convenient way to visualize the properties of the water layer is by
calculating the projection of the electron density distribution along the z-
axis. The in-plane order of the water can be taken into account using an
additional term in the density distribution depending on the in-plane
momentum transfer and in-plane DW parameters11. The electron density
distribution for the specular rod is the genuine distribution, that includes the
electron density of the water layers without inplane order. The profiles for a
non-specular rod shows the part of the electron density that corresponds to
that Fourier component in the liquid. The results are given in fig. 5.3 for the
(00) and (20) rods and show that while the specular rod detects about three
water bilayers, the other rod finds only one bilayer with in-plane order. For
clarity, the crystallographic structure is shown as well.
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z positions
(Å)
DW// (Å
2) DW┴  (Å
2) Occupancy
bilayer 3 2.82±0.10 500 1.0±0.5 0.20±0.07
bilayer 2 2.19±0.05 500 1.0±0.5 1.37±0.10
bilayer 1 -0.21±0.03 1.5±0.1 1.0±0.1 1.36±0.05
TABLE 1. Best fit parameters for the water bilayers. The high DW// values for layers 2
and 3 mean that they have no in-plane order. The origin of z is chosen at the center of the
water bilayer with which crystal terminates, but ignoring relaxation. The occupancy is
relative to a bulk crystal.
Due to the termination of the brushite {010} surface in one bilayer,
two hydrogen bonds between phosphate groups and water in the second
bilayer are broken. Stars in fig. 5.1 indicate these bonds. The driving force
for the inward relaxation of the crystalline water bilayer could therefore be
the formation of a compensating hydrogen bond with a lower lying
phosphate group as represented by the dashed line in the top layer in figure
5.1. This is the only new O-O hydrogen bond with the expected distance
near 2.73 Å. Some dynamic hydrogen bridges between layers 1 and 2 are
expected to occur, but the enlarged separation of the layers indicates that
these are not very important.
Our data show that water in contact with the brushite {010} surface
shows less ordering than “expected”, in particular when compared with the
water ordering at the KDP{101}-water interface11. Water in contact with the
positively charged KDP {010} surface shows icelike ordering in the first
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FIG. 5.3 Schematic side view of the {010} face of CaHPO4*2(H2O) (right) together with
the electron density distribution across the interface determined from (00) and (20) rods
(left). Relaxation in the water bilayers is included.
two water layers and weak but clear in-plane ordering in the third water
layer. For the brushite system, that contains water layers in the crystal
structure, less ordering is found. We propose that this difference is correlated
with the large difference in solubility. At room temperature, brushite is
almost a thousand times less soluble in water than KDP. This occurs due to
the special properties of the calcium ion18. Less soluble means a weaker
interaction with water, and thus less ordering at the interface. The RuO2-
water interface is the only other example in the literature studied in
Solid
Liquid
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sufficient detail10, and it combines low solubility with little ordering beyond
an icelike layer. With only three examples to support it, it is clear that our
hypothesis needs further testing.
Ordered water at the brushite interface will influence the growth
process of this biomineral, particularly the incorporation of the growth units
at step edges and the mobility at the interface. Furthermore, the knowledge
of the surface structure is needed explain the influence of the impurities on
the growth morphology19. It is known that various additives hardly influence
the growth of the {010} face of DCPD20. The interaction of the additive thus
seems not strong enough to penetrate the water layers on the {010} faces. In
biological mineralization, organic macromolecules are utilized to control the
size, shape and orientation of the crystals, the same properties that are of
importance for creating good ceramic materials for production of artificial
implants and other medical devices. We hope that our results on the most
prominent crystal face of brushite will help understanding and developing
the controlled growth of this important biomineral.
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Chapter 6
Thickness Dependent Ordering of Water
Layers at NaCl(100)
J. Arsić, D. Kaminski, N. Radenovic, P. Poodt, S. Graswinckel, H.
Cuppen and E.Vlieg
Abstract
We have determined the ordering properties of water adsorbed on the rock salt
(100) surface under four different conditions: ultra-high vacuum, dry nitrogen
atmosphere, 45% and 75% relative humidity. Details of the atomic structure are
determined for both sides of the solid-liquid interface. The top most layer of NaCl shows
a small relaxation that changes from an expansion to a contraction with increasing
humidity. Under all measured conditions water monolayers with different ordering
properties are present at the interface. Surprisingly, we find that the amount of ordering in
the first layer is increasing with increasing thickness of the water film.
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6.1 Introduction
Water is one of the most interesting and important adsorbates
appearing in materials science. The diversity of interactions with solid
surfaces makes this system one of the widest investigated1. Thin films of
water molecules coat most surfaces under ambient conditions. These films
are important in both chemical and physical processes. For example, water
adsorbed on salt particles catalyzes chemical reactions in the atmosphere2,3
and influences phenomena like crystal growth and caking. Despite this
importance, very little is understood about the properties of such systems on
a molecular level, in particular at ambient conditions.
Here we present our results on the solid-liquid interface structure of
NaCl (100). Rocksalt is the most familiar of all salts, it has a simple FCC
crystallographic structure and plays a role in many processes 4. Our interest
stems from crystal growth. NaCl can easily be grown from aqueous
solutions, where the growth shape and growth velocity are known to depend
on the presence of impurities and surfactants 5. Understanding this, and other
phenomena, requires structural information at the atomic level.
The most detailed information on this system has been observed at
cryogenic temperatures where vacuum-based techniques have been
employed to study the formation of a water monolayer. Low-energy electron
diffraction (LEED) studies show an icelike c(4x2) water monolayer 6 on
epitaxially grown NaCl films on Ge(100) substrates. Helium atomic
scattering (HAS) indicated a (1x1) monolayer 7 adsorbed on a single crystal
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NaCl(100) surface, while Fourier transform infrared spectroscopy (FTIR)
did not find any ordered structure at all 8.  In order to investigate the solid-
liquid interface, ambient conditions are required. For water on NaCl (100)
this has mainly been done by Atomic Force Microscopy (AFM) 9,10 and
FTIR4. The experiments indicate that water has a different structure at low
and high coverage, depending on the relative humidity. At low coverage
water is strongly bounded, forming different hydrogen bond networks. Only
at high coverage the water behaves like a liquid, e.g. facilitates the
movement of surface steps 9. Monte Carlo (MC) 11 and molecular dynamic
(MD) simulations 12 proposed different energetically favorable structures
showing that the system is sensitive to both experimental conditions and the
intermolecular potential used in the simulations.
The aim of our work is to elucidate the atomic-scale structure and
properties of the NaCl(100)/water interface structure under different
humidity conditions, using surface X-ray diffraction (SXRD). Owing to the
large penetration depth of the X-rays, this technique is a suitable tool for the
structure determination of solid-liquid interfaces13. We have recently
succeeded in determining the ordering of water in contact with KDP
(potassium di-hydrogen phosphate) 14 and brushite surfaces15. In agreement
with theoretical predictions 16, 17 we found that the water has limited
perpendicular and lateral ordering over the first few layers. The ordering was
stronger for KDP than for brushite, which appears to be related to the
difference in solubility. The high solubility of NaCl therefore suggests a
relatively strong ordering, and that is indeed what we find. Since the
thickness of the water film can be controlled quite precisely for NaCl 4, we
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can study here the influence of film thickness on the ordering properties.
Surprisingly, we find an increase in the order of the first layer when the
water layer thickness increases.
6.2 Experimental
SXRD can probe the atomic structure of an interface by measuring
diffracted intensities along so-called crystal truncation rods (CTR’s)18. These
rods are tails of diffuse intensity connecting the bulk Bragg peaks in the
direction perpendicular to surface. Their exact shape is determined by the
interface atomic structure. The SXRD experiments were performed at two
different beam lines of the European Synchrotron Radiation Facility (ESRF),
Grenoble and under four different environmental circumstances, each
corresponding to a different liquid film thickness; (1) ultra high vacuum
(UHV), (2) dry nitrogen atmosphere, (3) 45% relative humidity (RH) and (4)
75% RH. Sodium chloride samples of approximately 10x10x10mm3 were
cleaved in air from melt grown single crystals. The {100} surface of the
cleaved samples was of good quality since we observed monoatomic steps
using AFM. The measurements in UHV were performed at the DUBBLE
beamline 19, the others at ID32. Before data collection in UHV, samples
were annealed for 30 min. at 60°C in order to remove excess water. For the
other conditions no additional sample preparation was done. The vacuum
measurements use a UHV chamber 20, the others a special environmental cell
14. This cell consists of two connected chambers, one containing a water
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FIG. 1  Top view of the FCC cubic structure of NaCl. The biggest circles represent the
chloride ions, the medium circles sodium ions and the smallest ones represent the
location of the water adsorbed in the first layer. The conventional unit cell is indicated by
a solid square; the smaller dotted one is a primitive surface unit cell.
reservoir and the other the NaCl crystal. It is made from copper with a lexan
coating to prevent surface contamination. This set-up can operate in different
modes from dry to 100% humidity. Flushing the cell with nitrogen allowed
us to work under dry circumstances. Measurements in air (45% RH) were
performed without protective cap. For the 75% RH measurements the water
5.62 Å
Na+
Cl-
5.62 Å
First oxygen
layer
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reservoir was filled with a saturated sodium chloride solution. The energy of
X-rays used in all experiments was 10 keV. The experiments were carried
out at room temperature.
In order to denote the NaCl(100) surface we use the conventional
cubic unit cell with lattice vector a = 5.62Å, see figure 6.1. Note that a
primitive surface cell can be defined with half the surface area, thus the
conventional cell has two equivalent Na+ and Cl- positions. The momentum
transfer vector, Q, which is the difference between the wave vectors of the
incident and scattered X-rays, is expressed in reciprocal space as
Q = hb1+kb2+lb3, with (h k l) the diffraction indices and bj the reciprocal
lattice vectors. The component of Q along the in-plane direction is called Q//
and along the out-of plane direction ⊥Q . Here we choose the notation such
that the diffraction index l denotes the direction perpendicular to the surface;
so we formally study the NaCl (001) surface.
Integrated intensities of the various reflections were determined by
rotating the crystal about the surface normal and measuring the number of
diffracted photons. The integrated intensities are converted into structure
factor amplitudes by applying the necessary geometrical and resolution
corrections 21. Model calculations and fitting were done using the ROD
program 22.
6.3 Results
We are interested in both sides of the solid-liquid interface, thus in
order to fully determine the liquid ordering, it is crucial to measure rods with
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FIG. 2 Structure factors measured along the (11) rod for four different sample
environments. Data measured in vacuum are represented by the open triangles and the
dashed line represents the best fit. Full triangles represents the data measured under dry
nitrogen conditions and the dotted line is the corresponding best fit. Data measured under
45% and 75% RH conditions are represented with open and full open circles respectively.
These data are compared with their best fits presented in table 1 and represented with full
(45% RH) and dash-dotted line ( 75% RH).
different in-plane momentum transfer 14. The specular, or (00), rod is only
sensitive to the electron density perpendicular to the surface and ignores in-
plane order. Since the ordering is strongest in the perpendicular direction,
this rod will probe more liquid layers than the other rods. The other rods
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probe lateral order as well, where the rods with smaller in-plane momentum
transfer will be the more sensitive ones.
The size of the data set varied over the four conditions. We measured
in total 56 non-equivalent reflections in vacuum consisting of the (00) and
(11) rod with an averaged agreement factor of 11%. We measured 176 non-
equivalent reflections in dry nitrogen atmosphere, 383 in 45% RH and 302
in 75% RH, with agreement factors of 14%, 20% and 19%, respectively,
when averaged over all samples used. In these cases, the data set contained
the (00), (11) and (20) rods. The data for the (11) rod in four different
circumstances is shown in figure 6.2, while figure 6.3 shows the specular rod
for 45% and 75% RH.
6.3.1 Model
All data for one humidity condition are fitted simultaneously. In order
to achieve this we need a model in which the crystalline and liquid parts of
the interface are described. For the crystalline part we start with the bulk
terminated NaCl surface with alternating sodium and chloride ions, but
allowing them to relax in the direction perpendicular to the surface. Water
layers are modeled using only oxygen atoms since X-rays are insensitive to
hydrogen at our level of precision. Oxygen atoms in the first layer are found
to be positioned above the sodium ions, as expected 11, 23 (figure 6.1).  The
oxygen distribution and periodicity within one layer follow the
crystallographic lattice of the NaCl surface, each layer consisting of one
oxygen atom per unit cell. The amount of ordering of each water layer is
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FIG. 3  A comparison of the specular rod at the two highest humidity conditions. The full
and open circles represented data in 75% and 45% RH, respectively. The full line
represents the best fit for 75% RH with 4 ordered water layers. The dotted line represents
a model calculations for 45% RH with 3 ordered water layers. For comparison, the
dashed line represents a bulk terminated NaCl crystal without water layers.
fitted through anisotropic Debye-Waller (DW) parameters of the oxygen
atoms 14. Bulk liquid layers that only contribute to the specular rod are
modeled by giving them a large in-plane Debye-Waller parameter (DW//
>600). A small DW// corresponds to a layer with high lateral ordering that
will contribute to all rods. The occupancy of the oxygen atoms in the layers
determines the density of the liquid.  We did not attempt to model dissolved
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NaCl in the liquid layer, but possible effects will be contained in the
occupancy of the oxygen atoms. Other fitting parameters were a scale factor
and occupancies and relaxation of the top sodium chloride layer. The
reduced occupancies of the top sodium chloride layer in all measured
conditions is related to the surface roughness. Using this model, we obtained
good fits of the data for all the experimental conditions with χ2 values
(goodness-of-fit) between 1.1 and 2.4. The best-fitting parameters are listed
in table 1. Our measurements were performed at room temperature, but for
completeness we also tried to fit our data using the proposed c(4x2) low
temperature structure 6, and the theoretically proposed (2x1) structure 24.
Neither gave satisfactory fits (χ2 values of 8 and 12 respectively). Other
tested models allowed lateral relaxation of water molecules (χ2=5); had the
oxygen in the first water layer positioned above the chloride ions (χ2=8) or
followed an “alloy” c(4x2) structure in which, due to radiation damage, the
chloride molecules are assumed to leave the surface and the OH- is
chemisorbed in an anion vacancy in the top NaCl layer 25 (χ2=15). We thus
never found better models than those listed in table 1.
6.3.2 Electron Density Distribution
The result of our fits can most easily be visualized by calculating the
projection of the electron density distribution along the z-axis. The in-plane
order of the water can be taken into account using an additional term in the
density distribution depending on the in-plane momentum transfer and the
DW// parameters. Then the density distribution (ρz) across the interface
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vacuum z(Å) N2 z(Å) 45% RH z(Å) 75%RH z(Å)
zNa(Å) 0.22±0.06 0.06±0.03 0.04±0.02 -
0.02±0.02
zCl((Å) 0.16±0.04 -
0.04±0.02
-
0.04±0.02
-
0.07±0.04
relaxation 6.7% 0.40% 0 -1.4%
Occ. NaCl 0.79±0.10 0.78±0.05 0.78±0.02 0.75±0.08
DW// (O1) 170±5 1.77±0.10 160±10 1.12±0.07 25 1.58±0.05 30 1.17±0.07
DW// (O2) - 600±100 3.93±0.10 200±50 3.35±0.13 200±20 2.29±0.10
DW// (O3) - - 600±100 4.47±0.13 600±100 3.97±0.20
DW// (O4) - - - 600±100 4.57±0.20
DW┴
*) - 1 1 1
Occ(O1) 1.0±0.1 1.2±0.3 0.5±0.1 0.7±0.3
   Occ(O2) - 0.7±0.2 0.5±0.1 1.2±0.2
Occ(O3) - - 0.4±0.2 1.2±0.2
Occ(O4) - - - 1.0±0.1
Total occ. 1 1.9 1.4 4.1
χ2 2.04 2.40 1.22 1.13
*) same value for all water layers
TABLE 1 Best fit parameters for the four different measured conditions. The z position
is with respect to a non-relaxed NaCl top layer.
contributing to a rod with an in-plane momentum transfer Q // can be
calculated by summing over all the individual contributions of atoms i using
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where Z is the atomic number, n is the occupancy, Q// is the paralel
momentum transfer, DW// is the in-plane Debye Waller factor, 2⊥σ  is the
mean square vibration amplitude in the perpendicular direction which is
equal to 
28π
⊥DW , and zi is position of atom i. The first exponent depends on
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the paralel momentum transfer and shows to which extent the different rods
are sensitive to the liquid structure. This factor is 1 for the specular rod,
where the paralel momentum transfer is zero and decreases for the other
rods. The electron density distribution for the specular rod includes the
electron density of the water layers without in-plane order. The profiles for
non-specular rods show the part of the electron density that corresponds to
that Fourier component in the liquid. The results for the (00), (11) and (20)
rods for the four different environment are given in figure 6.4.
6.4 Discussion
6.4 1 Crystalline Part of the Interface
We will first discuss the structure of the crystalline part of the
interface. The perpendicular relaxation of the Na+ and Cl- ions in the top
surface layer were two of the fitting parameters. We find that the relaxation
depends on the experimental condition (see table 1), showing a general trend
from expansion to a small contraction for increasing humidity. In all cases
the Cl- is below the Na+. Even in vacuum there is a water layer present using
our preparation conditions. Our relaxation values cannot be directly
compared to other results because no such data are available for ambient
conditions, but the small values we find are consistent with the results
obtained in vacuum.  A well-ordered water layer has been observed in UHV
at cryogenic temperatures 6, 7 and the top NaCl layer was reported to be bulk
terminated without any relaxation. For clean NaCl{100}surfaces a number
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of theoretical studies have shown that the top layers relaxation should be
small26, 27, 28, 29. LEED experiments show a first layer contraction by 1.5% if
the NaCl samples were cleaved in vacuum 30. Surface X-ray experiments 31
indicated also a contraction, but give a larger value of 3% for samples
cleaved in vacuum. The unanalyzed data in the  same study on samples
cleaved in air show that the surface has a different structure in that case 31.
6.4.2 Liquid Ordering
The amount of lateral ordering in the liquid is derived from the (11)
and (20) rods.  Figure 6.2 clearly shows the differences in the data of (11)
rod for the four conditions. The differences are small between 45% and 75%
relative humidity, indicating that the crystalline part and in-plane ordering of
the water at the interface in both cases are almost the same. The specular
rod, on the other hand, shows a clear difference between these two
conditions, see figure 6.3. The best fit requires 3 and 4 water layers for 45%
and 75% RH, respectively. The topmost water layers show no in-plane order
so they do not contribute to the non-specular rods. In all cases we find small
values for DW┴, indicating that the layer are well ordered in the
perpendicular direction.
Figure 6.4 shows that different water films are present for different
circumstances. We find that the NaCl crystal surface is covered by a single
water monolayer in vacuum and that this layer is showing only minor lateral
ordering, which is visible only in the (11) rod, but not in (20) rod. Under dry
nitrogen circumstances the situation is almost the same concerning the
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FIG. 6.4 Electron-density distribution across the interface in vacuum (a), dry nitrogen
atmosphere (b), 45% relative humidity (c), and 75% relative humidity (d) . The density
distribution is shown for three parallel momentum transfers, (00) dashed line, (11) solid
line and (20) dotted line.
a)
b)
c)
d)
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ordering, only the thickness of the water layer is enhanced. For the 45% and
75% RH conditions, however, two laterally ordered water layers are present
at the crystal surface. In both cases the first water layer now shows a quite
strong lateral ordering, visible even in the (20) rod (see figure 6.4). The
value of DW// is still high, indicating that the molecules in this layer are
quite mobile but the molecules reside a significant fraction of their time on
the lattice site. The second water layer has less lateral order, higher layers do
not show any measurable lateral order. The most interesting and unexpected
observation is that the amount of lateral ordering in the first water layer is
increasing with increasing thickness of the water film. The addition of liquid
water layers thus leads to more ‘icelike’ behavior of the first layer. Possible
explanations are that the extra layer of water is needed to accomplish regular
hydrogen bonding in the water layer below, or that the extra water hinders
surface diffusion in the first layer. The total number of water layers increases
from 1 in vacuum, 2 in the dry nitrogen and 3 and 4 water layers under 45%
and 75% RH, respectively. The total occupancy shows the same trend, even
though the value for 45% RH is somewhat low. For these ultra thin films the
volume density is rather ill-defined, but the density at 75% RH is somewhat
above the density of bulk water. For an occupancy of 1, a water layer
spacing of 1.9 Å leads to the same density as in the bulk. While some of the
details of the water layer may not be precise, the trend in increasing layer
thickness and in increasing lateral ordering in the first layer is clear. The
different behavior for low and high coverage and the evolution towards
bulk-like water agrees with the FTIR observations of Foster and Ewing 4.
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In our previous work on the KDP 14 and brushite 15 we found that
amount of ordering in the water layers at the solid-liquid interface is
correlated with the solubility of the compound in the water. For the highly
soluble KDP we have observed strong water ordering, whereas for nearly
insoluble brushite the ordering at the interface is found to be weak. The
solubility of NaCl is high, and we indeed find significant water ordering at
this interface. The RuO2/water interface 
32 is the only other example in the
literature studied in sufficient detail and it supports our hypothesis by
combining low solubility with little water ordering.
6.5 Conclusions
We have used surface X-ray diffraction to determine the atomic
structure of the NaCl{100}/water interface under four conditions of
increasing humidity. Under all these conditions water monolayers with
different ordering properties are present at the interface.  At low humidity a
diffuse water monolayer covers the NaCl surface, showing only a weak
lateral ordering induced by the NaCl surface. At relative humidities above
45% the first water monolayer increases its lateral ordering. Subsequent
layers rapidly evolve towards bulk like water.
 It is quite unexpected that the in-plane ordering of the first water layer
increases with the increase in the total number of water layers. The first
layer will have a strong interaction with the ionic surface, but apparently that
interaction with the following water layer is important as well. A better
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understanding of these phenomena requires further theoretical and
experimental investigations.
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Summary
When crystals are growing from a solution, the solid-liquid interface
is the place where the crystal interacts with its environment and therefore the
structure of this interface will control the growth process. In first instance
the growth morphology is determined by the crystallographic structure of the
crystals, but other important factors are impurities, solvents, temperature,
supersaturation and surface relaxation. All systems investigated in this thesis
are ionic crystals grown from aqueous solution. Unlike the situation for
crystals with metallic, covalent or molecular bonding types, there are
essentially no theoretical models that are sufficiently accurate to make
general predictions on the behavior of surfaces of ionic crystals, neither in
vacuum nor in an aqueous environment.
In chapters two and three the growth of cesium halides (CsCl, CsBr
and CsI) from aqueous and formamide solutions is investigated. Equilibrium
forms of the three cesium halides in aqueous solution are obtained at
temperatures ranging from 275-344K. A first bond order connected net
analysis predicts that below the roughening transition the equilibrium form
of the three halides is dodecahedral, i.e, determined by {110} faces. This
was indeed the morphology found for CsI over entire temperature range
investigated. The CsCl crystals, on the other hand show rounded facets,
which indicates they are above the roughening temperature. For CsBr, a
roughening transition was observed at a temperature of 278±1 K, with a
transition that is far more abrupt than the normal thermal roughening. As far
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as we know, this is the first time that a thermal roughening transition has
been observed for a simple ionic compound.
In contrast to the predicted dodecahedral growth form, cesium halides
can also crystallize in a cubic morphology, as described in chapter three. The
metastable cubes transform after a period of seconds to minutes into rough,
grainy cubes. The unstable cubes likely have the fcc rock salt structure.
Stable cubes were only obtained by crystallizing cesium halides from pure,
water-free formamide.  These transparent cubes, bounded by {100} faces,
have the primitive cubic cesium chloride structure, as was shown by single
crystal X-ray diffraction. Atomic resolution images from atomic-force
microscopy show that the surface is not reconstructed, as has been predicted
by theory, but is directly stabilized by the polar formamide molecules.
A proper understanding of crystal growth from solution requires
structural knowledge of the solid-liquid interface at the atomic scale. In
chapter four we have determined the structure of the {101} face of
ammonium di-hydrogen phosphate (ADP) in aqueous solution using surface
X-ray diffraction. We find that a layer of ammonium ions terminates the
{101} face, followed by a layer of phosphate ions. For a proper description
of the experimental data, a 50% contraction of the top layer spacing needs to
be included. The most striking difference with the isomorphous KDP crystal
is the reversal of the direction of relaxation of the outmost layer. Hydrogen
bonding in ADP is a likely cause for this difference.
In the last two chapters, liquid ordering at the brushite and NaCl/water
interface is studied. Our data show that water in contact with the brushite
{010} surface shows less ordering than “expected”, in particular when
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compared with the water ordering at the KDP{101}-water interface. Water
in contact with the positively charged KDP {010} surface shows icelike
ordering in the first two water layers and weak but clear in-plane ordering in
the third water layer. For the brushite system that contains water layers in
the crystal structure, less ordering is found. We propose that this difference
is correlated with the large difference in solubility.
The atomic structure of the NaCl{100}/water interface was
determined under four conditions of increasing humidity i.e, ultra high
vacuum, dry nitrogen atmosphere, 45% and 75% relative humidity. Details
of the atomic structure are determined on both sides of the solid-liquid
interface. The top most layer of NaCl shows a small relaxation that changes
from an expansion to a contraction with increasing humidity.  Under all
measured conditions, water monolayers with different ordering properties
are present at the interface.  At low humidity a diffuse water monolayer
covers the NaCl surface, showing only a weak lateral ordering induced by
the NaCl surface. Surprisingly, at relative humidities above 45% the first
water monolayer increases its lateral ordering. Subsequent layers rapidly
evolve towards bulk like water. The relative strong ordering at the NaCl
surface is in agreement with our hypothesis that the level of water ordering
at the interface is correlated with the solubility of the compound in water.
Summary
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Samenvatting
Wanneer kristallen in een oplossing gegroeid worden dan is het
grensvlak tussen de vaste stof en de vloeistof de plaats waar het kristal
reageert met zijn omgeving. Daarom bepaalt de structuur van dit grensvlak
het groeiproces. In eerste instantie wordt de groeimorfologie bepaald door de
atomaire structuur van de kristallen, maar andere factoren zijn
verontreinigingen, het oplossmiddel, de temperatuur, de oververzadiging en
relaxaties aan het oppervlak. Alle onderzochte systemen in dit proefschrift
zijn ionogene kristallen gegroeid uit oplossing. In tegenstelling tot de situatie
voor kristallen met metallische, covalente of moleculaire bindingen, zijn er
geen theoretische modellen die nauwkeurig genoeg zijn om algemene
voorspellingen te doen over het gedrag van oppervlakken van ionogene
kristallen.
In hoofdstukken twee en drie wordt de groei van cesium halogenen
(CsCl, CsBr en CsI) in waterrijke en in formamide oplossingen onderzocht.
De evenwichtsvorm van de drie cesium halogenen is bepaald bij
temperaturen variërend van 275 tot 344K. Een analyse op grond van naaste-
buur interacties voorspelt dat onder de verruwingsovergang, de
evenwichtsvorm van de drie halogenen dodecaëdrisch is, dus bepaald door
de (110) oppervlakken. Dat was inderdaad de morfologie van CsI over het
hele temperatuur interval. De CsCl kristallen vertonen echter afgeronde
facetten, zodat deze boven de verruwingstemperatuur zijn. Bij CsBr was er
een verruwingsovergang te zien bij een temperatuur van 278±1 K. De
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verruwingsovergang is veel scherper dan de normale overgang. Voor zover
we weten, is dit de eerste keer dat een thermische verruwingsovergang voor
een eenvoudig ionogeen kristal is bepaald.
In tegenstelling tot de voorspelde dodecaëdrische groeivorm, kunnen
halogenen ook kristalliseren in een kubische morfologie. Dit wordt
beschreven in het derde hoofdstuk. Zowel metastabiele als stabiele kubussen
blijken voor te komen. De metastabiele kubussen transformeerden na een
periode varierend van seconden tot minuten tot ruwe korrelige kubussen. We
nemen aan dat de onstabiele kubussen de fcc structuur hebben van
keukenzout. Stabiele kubussen werden alleen verkregen door het
kristaliseren van cesium halogenen vanuit watervrij formamide. Deze
transparante kubussen, met {100} zijvlakken, hebben de primitieve kubische
cesium chloride structuur, zoals bepaald met behulp van röntgendiffractie.
Atomaire resolutie opnamen van een atomaire-kracht microscoop tonen aan
dat het oppervlakte niet is gereconstrueerd,  zoals theoretisch voorspeld,
maar meteen gestabiliseerd wordt door de polaire formamide moleculen.
Om kristalgroei vanuit een oplossing goed te kunnen begrijpen, is
structurele kennis van de vaste stof /vloeistof grenslaag nodig op atomaire
schaal. In het vierde hoofdstuk is de structuur van het {101} oppervlak
bepaald van ammonium-diwaterstof-fosfaat (ADP) in een waterrijke
oplossing, met behulp van röntgendiffractie. Het {101} oppervlak eindigt in
een laag van ammonium ionen, gevolgd door een laag van fosfaat ionen.
Voor een juiste beschrijving van de experimentele data, is het nodig een
contractie met 50% van de afstand tussen de bovenste twee lagen aan te
nemen. Het meest opvallende verschil met het isomorfe KDP is het omkeren
 Samenvatting
114
van de relaxatie richting van de buitenste laag. Waterstofbruggen in ADP
zijn waarschijnlijk de oorzaak voor dit verschil.
In de laatste twee hoofdstukken wordt de vloeistof ordening in
brushiet en NaCl/water grensvlakken bestudeerd. Onze gegevens laten zien
dat water in contact met het brushiet{010} vlak minder ordening vertoont
dan verwacht, vooral wanneer het vergeleken wordt met de ordening van het
KDP{101}/water grensvlak. Water in contact met het positief geladen
KDP{010} oppervlak vertoont ijsachtige ordening in de eerste twee
waterlagen en zwakke maar duidelijke gedefinieerde laterale ordening in de
derde waterlaag. Op het brushiet systeem, dat waterlagen bevat in de
kristalstructuur, wordt minder ordening gevonden. Het verschil heeft
waarschijnlijk te maken met  het grote verschil in oplosbaarheid.
De atomaire structuur van het NaCl{100}/water grensvlak is bepaald
onder vier omstandigheden van toenemende vochtigheid, namelijk ultrahoog
vacuüm, droge stikstof atmosfeer, 45% en 75% relatieve vochtigheid.
Details van de atomaire structuur zijn bepaald aan beide zijden van het
grensvlak tussen kristal en vloeistof. De bovenste laag van NaCl vertoont
een kleine relaxatie die verandert van een expansie naar een contractie bij
toenemende vochtigheid. Onder alle gemeten omstandigheden zijn water
monolagen met verschillende ordenings eigenschappen op het grensvlak
aanwezig. Bij een lage vochtigheid is het NaCl oppervlak bedekt met een
diffuse water monolaag, die alleen een zwakke laterale ordening vertoont.
Bij een relatieve vochtigheid boven 45% neemt de laterale ordening van de
eerste water monolaag toe. Daaropvolgende lagen convergeren snel naar
bulk water. De relatief sterke ordening op het NaCl oppervlak is in
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overeenstemming met onze hypothese dat de mate van water ordening aan
het grensvlak is gerelateerd aan de oplosbaarheid van de stof.
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